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AEROFOIL TESTING IN A SELF-STREAMLINING

FLEXIBLE WALLED WIND TUNNEL

by Mark Charles Lewis

Two-dimensional self-streamlining flexible walled test sections eliminate,

as far as experimentally possible, the top and bottom wall interference effects

in transonic aerofoil testing. The test section sidewalls are rigid, while the

impervious top and bottom walls are flexible and contoured to streamline

shapes by a system of jacks, without reference to the aerofoil model. The

concept of wall contouring to eliminate or minimise test section boundary

interference in two-dimensional testing was first demonstrated by the

National Physical Laboratory (NPL) in England during the early 1940's. The

transonicstreamlining strategy proposed, developed and used by NPL has been

compared with several modern strategies. The NPL strategy has proved to be

surprisingly good at providing a wall interference-free test environment,

giving model performance indistinguishablefrom that obtained when using the

modern strategies over a wide range of test conditions. In all previous

investigationsthe achievement of wall streamlining in flexible walled test

sections has been limited to test conditions up to those which result in the

model's shock just extending to a streamlined wall. This work, however, has

also successfully demonstrated the feasibility of two-dimensional wall

streamlining at test conditions where both model shocks have reached and

penetrated through their respective flexible walls. Appropriate streamlining

procedures have been established and are uncomplicated, enabling flexible

walled testsections to easilycope with these high transonic flows.
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1. INTRODUCTION

The need for improved test environments for wind tunnel model tests

has long been apparent from disparitiesbetween tunnel and flightdata. At

some transonic test regimes the magnitude of the uncertainties in wind tunnel

data can render any analysis of the test meaningless. A variety of reasons

may be put forward for the uncertainties,however the two main factorst

limiting the application of transonic tunnel data of existing commercial

facilitiesto fuU-seale flight conditions are recognised to be inadequate

Reynolds number simulation and test section boundary interference. The

fReynolds number gap r has been closed recently with the introduction of

cryogenic wind tunnels; the National Transonic Facility (NTF) at NASA

Langley Research Center being the most notable example.

The undesirable effects of test section boundary interference have

long been recognised as a problem in wind tunnel testing. A post test analysis

of measured data and application of corrections is often unsatisfactory1-3,

particularly for the most interesting and challenging regimes of modern

aeronautics, namely those of transonicflightand those of V/STOL. The basic

concept of applying corrections to tunnel data is deceptive, because the test

section boundary interference effects are not distributed uniformly over the

model. However, in the most severe cases9 the test section flow past the

model is distorted to such an extent that the application of corrections

becomes impossible. In principle_wall boundary effects can be minimised by

testing smaller models in larger test seetions_but reduction of model size

reduces test accuracy and Reynolds number, whereas the alternative of

increasing the test section dimensions substantiallyincreases the facilitycost

and power consumption.

This state of the art has led to the attractive concept of an adaptive

walled test section, in which wall boundary interference is either eliminated

or significantlyreduced by actively adapting the flow near the boundaries of

the test section to match that of a free flowfield. In most cases adaptive test

t Other factors include support interference, model deformation, flow
non-uniformities and propulsive effects.



sections are 'self-streamlining' in that the process of matching the shape ot

the test section flowfield to the free flowfleld (a process referred to as

streamlining) is made by reference to the test section alone, independent ot

any knowledge of the model or the flow around the model. The streamlining

process is usually iterative, involving successive approximations of the test

section flowfield shape to that of the free flowfield. Each iteration requires

numerous test section measurements and theoretical calculations to check

whether interference-free flow conditions have been reached and to determine

any necessary adjustments to the shape of the test section flowfield. In this

way, the best features of experiment and theory are combined in an attempt

to eliminate test section boundary interference.

Two distinctly different adaptive wall testing techniques have evolved.

The two adaptive techniques are schematically illustrated on Figure I.i. One

is a development of the existing ventilated wall technique, employing the new

feature of controlled distribution of ventilation along the test section walls.

The test section flow near the walls is adapted to match that region of the

free flowfield by controlled out-flow and in-flow through the ventilated walls.

Local flow control may be achieved either by dividing the plenum chamber

into a number of segments or by providing a means for the local variation of

wall porosity. The other adaptive wall technique, employing solid impervious

but flexible walls, adapts the test section flowfield by wall contouring. The

latter technique removes the need for test section ventilation and offers the

possibility of overcoming the many difficulties inherent in the operation of

ventilated test sections. It is the adaptive flexible wall technique which is

considered in this thesis.

The idea of using active control of the test section flowfield by

'accommodating' walls to eliminate or minimise wall interference is not

new4-6. The first documented wind tunnel employing a test section with

adaptive walls was constructed in England by the National Physical Laboratory

(NPL) during the late 1930's. NPL established an experimental procedure for

the streamlining of adaptive walls that is followed today, namely that the

adjustments of the walls are based on the measurement of two independent

flow variables at or near the test sect|on walls. The flow near the model need

not be computed, measured, or even considered. In the case of the flexible

wall technique, first developed at NPL, the measured flow variables become



the wall static pressure (responding to the streamwise component of the

disturbance velocity)and the local wall position(determining the flow angle).

Ideally, the adaptive test section should provide three-dimensional

control of the test flowfield, in the ease of flexible walls the test section

would constitute some form of a deformable elasticstreamtube.* The control

of three-dimensional flexible walled test sections is mechanically complext*

and therefore initialresearch into the flexible wall technique has largely

concentrated on two-dimensional control of the test flowfield. The test

section design then simplifiesto one with rigid sidewalls supporting flexible

top and bottom walls having single curvature. In two-dimensional testing the

aerofoil model is mounted between the rigidsidewalls and contouring the top

and bottom walls can, in principle, eliminate wall boundary interference

effects at the model.

The claim for the realisationof two-dimensional interference-free

flow requires some qualification. It relates only to the effects of top and

bottom walls, and here one has to recognise that because of normal

experimental and theoretical errors there will be residual interferences

present, although they would normally be small.

The flexiblewall technique willnot magically solve all of the other

problems which can cause anomalous experimental results. As with all wind

tunnel tests,there is an interference induced by the finitelength of the test

section and in two-dimensional testingthere may also be sidewall interference

effects. Also, due to practical considerationscontrol over the test flowfield

can only be achieved at a finitenumber of positions(i.e.jack positions).

Research into the flexible wall technique at DFVLR (Germany) has

largely concentrated on the development of a three-dimensional test

section comprising of a large deformable rubber tube.

tt The eight flexible walls of the three-dimensional test section at the

Technical University of Berlin(Germany) are controlled by seventy-eight

jacks.



1.1 Past Two-Dimensional Flexible Wall Research at Southampton

The flexible wall research programme at the University of

Southampton has its origins in an attempt in 1971 by a group of researchers at

NASA Langley Research Center to increase the attraction of Magnetic

Suspension and Balance Systems (MSBS) for transonic wind tunnel testing. One

of the restricting features of such testing was the requirement for a plenum

chamber, which forced the suspension electro-magnets far away from the

model and thus increased their capital and running costs. A solution proposed

by Ooodyer t was the flexible wall technique where the walls of the test

section are adjusted to follow streamlines in order to simulate infinite flow

conditions and thereby remove the need for a plenum chamber. Hence the

electro-magnets could be closer to the model and therefore smaller, resulting

in reduced capital and running costs of the tunnel. Therefore, the design of a

low speed test section was begun at Southampton in 1972 by Goodyer with the

intention of investigating the flexible wall technique.

The resulting low speed tunnel, called the Self-Streamlining Wind

Tunnel (SSWT I), was first used to demonstrate the simulation of infinite flow

around two-dimensional models7,8. A substantial body of low speed

streamlined-wall data was gathered 9-II, particularly on an aerofoil model of

NACA 0012-64 section. However, it quickly became apparent that flexible

walled test sections offered several advantages over conventional test

sections (see Section 4 for details).

Also, during 1975, a small flexible walled test section was designed,

constructed and operated by Wolf to investigate the simulation of

two-dimensional cascade flow in a single turbine blade 12. The findings were

inconclusive due to the absence of reference data.

At an early stage it was realised that the development of a transonic

testing facility employing a flexible walled test section would be

advantageous. Design of such a facility commenced in 1975 and was

t A proposal was placed on record and witnessed in the invention

declarations 'Transonic Test-Section Design ' and ' Self Adapted Flexible

Test Section Walls' by M.J. Goodyer in July 1972 retained for reference at

NASA Langley Research Center.

4



commissioned in 1978, the facility is now referred to as the Transonic

Self-Streamlining Wind Tunnel (TSWT). Tunnel operation was limited until

1979 when a semi-manual operating system became operational13. Subsequent

development of the operating procedure and the installation of closed loop

computer control significantly reduced the time associated with the

streamlining process, thereby rendering the manually operated tunnel (SSWT 1)

redundant. The TSWT has been used extensively during 1979-84 to test three

aerofoil models (of NACA 0012-64, supercritical NPL 9510 and CAST 7

sections), particularly at the high Mach number range14-17. The tests have

proved (up to high subsonic reference speeds) the notion that adjusting the top

and bottom walls to unloaded streamlines allows the simulation of infinite

flow around two-dimensional models. In addition, the secondary advantages of

the flexible wall technique, in terms of increased Reynolds number, reduced

power requirements and improved flow quality have also been demonstrated.

1.2 Principal Objectives of Author's Research

1.2.1 Wall Streamlining of a Choked Test Section

Validation data14-17 from the TSWT has demonstrated the principle of

two-dimensional wall streamlining at test conditions up to those which result

in the model's shock just extending to a streamlined wall.

The prime objective of the author's research was to demonstrate the

principle of wall streamlining in the TSWT at test conditions where the shocks

of the model may extend tthrough' a streamlined wall and intrude into the

imaginary flowfields.t At such conditions, in a flexible wailed test section,

the channels over and under the model may both be choked. The achievement

of wall streamlining infers, in principle, that the top and

interference effects at the model are eliminated.

1.2.2

self-streamlining concept.

bottom wall

Evaluation of Several Wall Ad|ustment Strategies

The wall adjustment strategy is a fundamental component of the

The aim of any strategy is to adjust the flexible

t See Section 3.1 for definition of imaginary flowfields.



walls to follow the shapes of streamlines within an acceptable number of

streamlining iterations,t

A secondary objective of the author's research was the assessment of

several transonic wall adjustment strategies in the TSWTp including a detailed

evaluation of the strategy proposed_ developed and used by the National

Physical Laboratory in England during the early 194Ors.

¢ Satisfactory streamlines are only achieved after a number of streamlining
iterations. One streamlining iteration comprises of setting walls to known
shapesy measuring wall pressures_assessingthe quality of wall streamlining
and computing new wall contours.

6



2. REVIEW OF TWO-DIMENSIONAL ADAPTIVE WALL RESEARCH

9.1 Early Flexible Walled Test Sect|on Development at NPLt

In the 1930's the technology to deal with test section boundary

interference developed in three major directions. In one direction, the

'classical' theory predicting boundary interference corrections was

systematically expanded to include more realistic aircraft and test section

configurations. The second direction (which during the 1930's appears to have

only been considered for low speed testing) was the application of the notion

of ventilation as a means of minimising wall interference. This followed the

observation of opposite signs of the corrections applied to open test sections

and closed test sections. The third direction was related to a pressing

practical problem; namely choking in high speed wind tunnels. During the

1930's the term high speed meant velocities approaching that of sound.

Choking is the result of massive blockage-induced wall interference and was a

real barrier to the advancement of test speeds and therefore, to the

understanding of transonic flows.

2.1.1 6 x 3 NPL Tunnel

In 1937 Bailey and Wood18 of the National Physical Laboratory (NPL)

reported that the effect of modifying the longitudinal profile of a test section,

to compensate for the presence of the model, was to raise the speed at which

choking occurred. Adjustments to the test section, 15.24cm (6 inches) x

7.62em (3 inches) in cross-section and 15.24cm (6 inches) in length, were made

by the insertion of liners.

As the profile of the 6 x 3 NPL Tunnel varied for each test condition

Bailey and Wood suggested the use of adjustable flexible walls on the sides of

the test section parallel to the axis of the two-dimensional model. This is

thought to be the first reference relating to the use of adaptive walls ]n wind

tunnel test sections. Bailey and Wood further postulated that the flexible

walls could be given such a profile that free flowfield conditions could be

t NPL - National Physical Laboratory, Teddington, Middlesex, England.



simulated; at the time they believed, incorrectly,that such a profilewas one

that gave constant static pressure, equal to the reference value, along the

centrelinesof the flexiblewalls.

2.1.2 5 x 2 NPL Tunnel

In order to determine the feasibility of using flexible walls the 6 x 3

NPL Tunnel was modified. The test section of the modified tunnel (5 x 2 NPL

Tunnel) was 12.70cm (5 inches) x 5.08cm (2 inches) in cross-section, the

narrower walls being flexible along their length of 22.86cm (9 inches). A

schematic layout of the test section is shown on Figure 2.1. Each flexible

wall, manufactured from spring steel plate, was adjusted by six micrometer

screws spaced at 3.81cm (1.5 inches) intervals. The author believes the

5 x 2 NPL Tunnel to be the first documented wind tunnel employing a test

section with adaptive walls.t Investigations were carried out in three major

areas: the reduction of interference between tunnel and model; the control of

tunnel speed by a downstream contraction; and into the length of test section

necessary for satisfactory upstream and downstream conditions to be reached.

The test data, reported by Bailey and Wood4 in 1938, demonstrated the

elimination of wake blockage in two-dimensional tests up to a reference Mach

number of 0.89. Thus, Bailey and Wood appear to have been the originators of

the concept of adaptive walled test sections, and were first to apply the

method successfully in transonic testing.

2.1.3 20 x 8 NPL Tunnel

Utilising the valuable experience gained with the 5 x 2 NPL Tunnel the

High-speed Rectangular Tunnel (20 x 8 NPL Tunnel) was designed in 1937 and

given its initial run in May 194120. The tunnel operated with stagnation

conditions of ambient pressure and temperature and initially had an open

circuit but in June 1945 a return leg was fitted. The induced-flow was driven

by compressed air through an injector (of similar design to that employed in

the TSWT) downstream of the test section.

t The 5 x 2 NPL Tunnel was still in operational service at the University of
Southampton in 1957.19

8



The test section was of rectangular shape, a nominal 44.45em

(17.5 inches) x 20.32em (8 inches) in cross-section, the narrower walls being

impervious and flexible along their entire length of 1.23m (48.5 inches). A

schematic layout of the test section is shown on Figure 2.2. The flexible walls

were made from 0.51ram (0.02 inches) spring steel and were adjusted in single

curvature by nineteen serew micrometers on each wall, the last two

downstream micrometers on each wall controlling an adjustable throat, as

shown on Figure 2.2. Hence, the streamlined portion of the test section

effectively extended from the first to the seventeenth micrometer, giving

95.76cm (37.7 inches) of streamlined length, on each wall. In the vicinity of

the model micrometers were spaced at 3.81cm (1.5 inches) intervals, whilst

upstream and downstream of the model micrometer spacing increased to

7.62cm (3 inches). Static pressures were measured on the centrelines of the

flexible wails, via 0.51ram (0.02 inches)diameter tapppings and multitube

manometers, at all micrometer positions and at a few points in the vicinity of

the downstream throat. The tunnel reference speed was deduced from the

static pressure measured on one of the flexible walls 21.59cm (8.5 inches)

ahead of the leading edge of the standard 12.70cm (5 inches) chord model, as

shown on Figure 2.2. The 50.80era (20 inches) sidewalls, rigid and parallel,

were provided with glass windows which supported the model and enabled flow

visualisation near the model.

The flexible walls were contoured to follow streamlined shapes

according to a strategy suggested by Lock and Beavan5 (for details of the

strategy see Section 6.3), which utilisedonly the tunnel reference flow

conditions and the available'walldata'._ Thus, the 20 x 8 NPL was the first

truly self-streamliningwind tunnel and employed the most advanced flexible

walled test section developed by NPL.

The tunnel remained in service for about fifteen years and enabled

valuable investigations into wall boundary interference at compressible

speeds.20,5,21 During the investigationsthe highest attained reference speed

was Maeh 0.955 with an empty test section and Mach 0.94 with a model

installed in the test section. The tunnel was also run empty at a low

t 'Wall data' consistsof wall geometry and staticpressure distributionsalong
the centrelinesof the flexiblewalls.

9



supersonic speed (Maeh 1.15) by adjusting the flexible walls to form a

convergent-divergent nozzle. Look and Beavan concluded that for

two-dimensional tests reliable wall interference-free data from the tunnel

could be obtained for reference speeds up to about Maoh 0.85; only when a

model shook had just extended to one of the flexible walls of the test section

were the tunnel results invalidated. They also concluded that a model of

12.70em (5 inches) chord (representing a nominal test section height to chord

ratio of 3.5) was about as large as should be used, and in this case liftcould be

estimated from the static pressures measured on the streamlined wails.

2.1.4 NPL 4ft No.2 Tunnel

At one stage NPL proposed to construct a wind tunnel with a flexible

walled test section of 3.66m (12ft) x 1.83m (6ft) in cross-section and 14.63m

(48ft) in length. It was thought necessary that the scheme be put to the test

on a larger scale than the existing 20 x 8 NPL Tunnel to aid the design of the

two-dimensional test section of the proposed tunnel. This led to the

installation of adaptive flexible walls, 1.22m (4ft) wide and 3.96m (13ft) long,

in the NPL 4ft No.2 Tunnel. A schematic layout of the test section is shown

on Figure 2.3. The test section was not self-streamlining because in this case

the flexible walls were contoured, by twelve jacks on each wall, to follow

calculated streamline shapes.22 In 1944 Preston et ai.23 reported that wall

interference-free conditions had been established in the tunnel and that no

operational difficulties existed with large scale flexible walled test sections.

Furthermore, they suggested that wall jacks driven by electric motors should

be considered as a possible means to reduce the time and labour associated

with wall adjustment. This scheme is used in the majority of all modern

flexible walled test sections. However, the proposed large scale NPL flexible

walled wind tunnel was never constructed.

2.1.5 Proposed 18 x 14 NPL Tunnel

In 1946 NPL proposed to construct a new high speed wind tunnel of

closed circuit design with a test section of 45.72cm (18 inches) x 35.56cm

(14 inches) in cross-section. The narrower walls were to have been adjustable

with a range of movement adequate for both the reduction of wall

interference at subsonic speeds, and the formation of a diffuser for supersonic
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operation. Although the design of the proposed tunnel appears to have been

completed21 construction was never commenced.

2.1.6 Demise of Flexible Walled Test Sections

Research intoflexiblewalled test sections at NPL was initiallydriven

by the need to relieve test section choking; the most severe consequence of

wall boundary interference. Parallelresearch efforts which explored, in turn,

several other approaches to obtaining high speed interference-free test data

(including drop tests, the transonic bump, the profile flow method, and small

models on aircraft wings), finally settled on test sections with ventilation.

The ventilated wall-geometry (developed initially for low speed testing)

alleviated the choking problem and reduced the effects of wall interference

without unacceptable power losses. The ventilated test sections proved more

practical in operation by eliminating the long wall setting times associated

with the |terative streamlining process without the aid of a modern computer.

Hence, research into adaptive flexible walled test sections at NPL ceasedt and

ventilated test sections became universally accepted for transonic testing.

Some ventilated test sections of 1940/50 vintage are still in use. However, in

moving to the ventilated design at least two features of tunnel testing

deteriorated; tunnel drive power increased and flow quality was reduced. The

ventilated walls were 'pas.s/ve' in the sense that there was no overt control of

the flow through the walls. Ventilated wall geometry significantly reduced

the level of test section boundary interference, but not to negligible

magnitudes especially at transonic conditions.

2.2 Revival of Adaptive Test Sections

In the early 1970's the demand for higher quality test data on more

sophisticated aerodynamic configurations, such as highly complex

manoeuvering vehicles and large commercial transport aircraft, exposed the

limitations of existing transonic testing facilities. The effects of Reynolds

number and wall boundary interference were recognised as unknown

t It should be noted that in 1945 a 9ft high speed wind tunnel employing a
flexible walled test section was discovered in West Germany (at
Ottobrunn, near MUnich). The only documentation relating to the tunnel
detected by the author may be found in References 24-26.

11



quantities, the latter being of particular concern within the limitations of

transonic testing. In addition, the development of supereritical aerofoils for

transonic cruise caused a re-assessment of conventional procedures for

two-dimensional aerofoil testing. The absence of a rational interference

assessment method for test sections with conventional ventilation (due to the

non-linear nature of the transonic flow equations, the complex wall

geometries and the ill-defined boundary conditions which they produce)

further complicated the situation. The recognition of these uncertainties in

transonic wind tunnel testing led to the general concept of self-adapting test

sections. The notion occurred to numerous researchers during the early

1970's,8 in particular Sears, Ferri and Baronti27, Goodyer, Rubbert and

Chevallier, who realised that adaptive test sections were feasible with the aid

of on-line computers that could continually monitor the tunnel flow and

control the adjustment o[ the walls.

2.3 Review of Recent Two-Dimensional Adaptive Wall Research

Since the early 1970's several research organisations have worked on

many concepts to develop a system which fulfilsthe adaptive wall promise; a

wall boundary interference-free testing environment. Concept demonstrations

which have been completed to date have largely concentrated on

two-dimensional testing. However, much of the groundwork for

three-dimensional applications has been completed and experimental efforts

are under way at several organisations, but are beyond the scope of this thesis.

Details of all documented adaptive test sections since 1970 are summarised in

Tables 1.1-1.3.

In the following (Sections 2.3.1-2.3.3), the work of organisations which

have made major contributions to the development of the two-dimensional

adaptive wall technique since the early 1970's is briefly outlined in an attempt

to present the current state of the art. The variations in test section

hardware and the different techniques used for the measurement of the two

independent flow variables necessary to govern the streamlining process (as

discussed in Sections I and 3.3) are also illustrated. It should be noted that

the review is not exhaustive; a comprehensive annotated bibliography on all

adaptive wall research has been compiled by Tuttle and Mineck,28 whilst an
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excellent and concise review of the state of the art has been given by

Ganzer.29

2.3.1 The Ventilated Technique

2.3.1.1 Calspan Corporation

The lft Self-Correcting Wind Tunnel (see Table 1.1 for test section

details) at the Calspan Corporation, U.S.A.30,31 was probably the first wind

tunnel facility employing an adaptive test section of ventilated design. The

project was initiated in 1973 by the work of Sears.32 The test section plenum

was segmented, the top and bottom plenums were divided into ten and eight

segments respectively. Active control of the flow through the top and bottom

perforated walls was achieved by the application of pressure or suction to the

plenum segments.

The two independent flow variables necessary for wall adaptation

were measured on a control surface near each perforated wall by static pipes

and flow angle probes. Two staticpipes provided approximately forty pressure

readings at each control surface, whilst there was only one flow angle probe

for each plenum segment. The non-intrusive technique of volumetric

measurement of flow through the walls proved unsuccessful in determining

flow angle.30

The principle of two-dimensional wall adaptation was demonstrated,

initially at Mach numbers up to 0.725 and up to 4.0 ° angle of incidence with a

6% solid blockage model,33,34 and later with supereritical flow at the control

surfaces and perforated walls for a Maeh number of 0.9 and up to 4.0 ° angle of

incidence with a 4% solid blockage model.35 However, the small number of

flow angle probes per wall were found to be inadequate to define the variation

of the normal velocity component, and under some conditions the probes

produced weak shock waves, in an attempt to overcome these problems a new

static pipe, known as the 'Calspan pipe,,36 was devised to measure both the

static pressure and its gradient normal to the control surface.

Erickson et a1.,37 however, concluded that a finer wall control in the vicinity

of the model was desirable, especially at conditions which resulted in
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supercritical flow at the walls, as complete wall interference-free flow

conditions had not been achieved.

2.3.1.2 Arnold Engineering Development Center

Adaptive wall investigations at the Calspan Corporation led to more

detailed two-dimensional studies at the Arnold Engineering Development

Center (AEDC) during the period from 1976 to 1979. 38-40 The main objective

of the studies was to determine the most suitable control of wall ventilation

for adaptive test sections, with a view to future application to

three-dimensional flowfields.

Several wall configurations were investigated. The experiments

employed a two-dimensional model with a NACA-0012 aerofoil section of

15.24cm (6 inches) chord, which represented a 6% solid blockage in the

30.48cm (ift) square test section (see Table I.I for further details of the ift

Tunnel). Static pressure and flow angle were measured on control surfaces

near the two ventilated walls of the test section. The static pressure

distribution was obtained with a static pipe, whilst the flow angle was

obtained with individual miniature aerodynamic probes mounted from the

walls in the early experiments and, in later experiments, with aerodynamic

probes that were traversed longitudinally along the upper and lower control

surfaces.

The control of flow through the walls was found to result in a

significant reduction in two-dimensional wall interference even when

supercritical flow regions had extended to the test section walls, but complete

interference-free flow conditions were not achieved. Variable porosity walls

in conjunction with plenum pressure control were considered the most suitable

configuration for the control of wall ventilation. The two-dimensional

investigations provided the foundation necessary for extending the

development of ventilated adaptive test sections to three-dimensional

flowfields, which is the aim of present investigations in the IT Tunnel (see

Table 1.3 for test section details) at AEDC.41-43
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2.3.1.3 NASA Ames Research Center

Adaptive wall research at NASA Ames Research Center (Ames) has

concentrated on two-dimensional test sections employing slotted wall

configurations with plenum pressure control (except the HRC-2 Tunnel44:- see

Table 1.2 for test section details). A feature of the research was that

non-intrusive flow measurement techniques were used, since intrusive flow

measurements can introduce inaccuracies.

initial investigations were carried out in the Indraft Tunnel (see Table

1.1 for test section details) using a 15.24em (6 inches) chord model of NACA

0012 aerofoil section. Laser-Doppler Velocimetry (LDV) was used to measure

the vertical component of the flow at two different control levels above and

below the model, as suggested by Davis.45 The measured velocities were used

to compute from linear flow theory the wall interference and the required

changes in the vertical component to produce wall interference-free flow

conditions.46 The plenum pressure changes necessary to achieve the desired

vertical component distribution were determined by means of a measured

influence coefficient matrix. Convergence to wall interference-free flow

conditions was demonstrated, as long as the regions of supercritieal flow

generated by the model remained below the two control levels nearest the

ventilated walls.4'/ The wall adaptation process was slow because of the

inadequacies of the adjustment strategy and the methods of flow

measurement. The entire data acquisition sequence of one tunnel run took

approximately ten minutes of which eight minutes were spent on acquiring and

reducing laser data.

Present two-dimensional adaptive wall research at Ames is aimed at

obtaining wall interference-free flow conditions at free-stream Math numbers

close to unity in the 25 x 11 Tunnel (see Table 1.1 for test section details).

Two methods for the assessment of wall interference are being compared: one

component flow measurements at two control levels, and two component flow

measurements at one control level. The measurements are obtained either by

using intrusive instrumentation, such as pitch probes and hot wires or by a

complex LDV system. At present published work shows a sparsity of

aerodynamic data with the test section adapted for wall interference-free
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flow. Bodapati and Celik,48 however, have concluded that the use of the LDV

system is not only complex but at present requires excessive testing run-time.

A new two-dimensional adaptive test section49 for the 2ft Transonic

Wind Tunnel at Ames is nearing completion (see Table 1.1 for details of the

new test section). The flow through the slotted walls will be controlled by

sixty-four slide valves, whilst the LDV system involves a fast computer

controlled traverse system of mirrors which will significantlyreduce tunnel

run-time associated with LDV data acquisition. Operation of the new test

sectionisexpected soon.

2.3.2 The Flexible Wall Technique

2.3.2.1 University of Southampton

The work at the University of Southampton on flexible walled test

sections was initiated in 1972 by Goodyer. The demonstration of wall

interference-freeflow, achieved by wall contouring in a low speed tunnel7-9

(see Table 1.2 for details of test section:- SSWT I), was particularly

impressive because of the large solidblockage of the models; a NACA 0012-64

aerofoil of 10% blockage that gave a nominal test section height to model

chord ratioof 1.1 and two circularcylindersof 25% and 30% blockage.

Based on the experience gained with the SSWT 1 and detailed

analytical work9,50 a new flexible walled test section was designed,

constructed and inserted into an existing transonic wind tunnel at the

University of Southampton (see Table 1.2 and Section 5 for further details of

the test section and wind tunnel:- TSWT). The TSWT has been used

extensively to develop the flexible wall technique, particularly at the high

Maeh number range. The achievement of two-dimensional wall

interference-free flow has been demonstrated14,16,17 at conditions up to

those which result in the model's shock just extending to a streamlined wall,

which usually occurs at around Mach 0.85. Recent work has been aimed at

streamlining the flexible walls at conditions where the test section is fully

choked. This work forms a major part of this thesis.

The old low speed test section (SSWT 1) has recently been modified to

allow wall streamlining around swept wings (see Table 1.2 for details of the
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modified test section:- SSWT 2). Initial tests using an untapered wing of

NACA 0012-64 section, swept at 40.0 o, have proved to be highly promising.51

Further tests are planned in the near future.

2.3.2.2 ONERA/CERT

Adaptive wall research at ONERA was initiated during the early

1970's and experimental investigations were first carried out in the

two-dimensional flexible walled test section of the $4 LCh Tunnel (see Table

1.2 for test section details). Chevallier52,53 reported that tests had

demonstrated rapid convergence to wall interference-free flow conditions for

reference Mach numbers up to about 0.85.

Experience gained with the $4 LCh Tunnel led to the

ONERA/CERT T2 Tunnel54 (see Table 1.2 for test section details). The tunnel

can be operated at stagnation pressures up to 5 bars and at cryogenic

conditions. Cryogenic operation began in 1981, although the automated

flexible walled test section has been in operation at normal temperatures for

some time.55 In the case of cryogenic operation the model has to be cooled

outside the test section since tunnel run-time is only thirty to sixty seconds.

Tunnel operation requires sophisticated procedures to be followed for the

correct determination of the actual angle of incidence and the actual

reference Mach number. However two-dimensional wall interference-free

flow conditions have been obtained at cryogenic temperatures,56,57 but for all

the reported tests the flow at the contoured walls was subsonic.

2.3.2.3 Technical University of Berlin

Initial adaptive wall research at the Technical University of Berlin

(TUB) used a two-dimensional flexible walled test section (see Table 1.2 for

test section details:- TUB 1). Investigations employing a NACA 0012 and a

CAST 7 aerofoil model were made at transonic speeds, but for all reported

tests58,59 the flow at the contoured walls remained subsonic. Although the

minimisation of wall interference was demonstrated, rather large truncation

effects were experienced. In an attempt to reduce these effects the length of

the test section has been extended from 69cm (27.17 inches) to 99cm

(38.98 inches). Further tests with two and three-dimensional models are
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planned in the modified test section (see Table 1.2 for test section details:-

TUB 2).

2.3.2.4 NASA Langley Research Center

A two-dimensional flexible walled test section has been installed in

the 0.3-m Transonic Cryogenic Tunnel (TCT)60 at NASA Langley Research

Center. The design of the test section61 (see Table 1.2 for test section

details) was based on the research carried out at the University of

Southampton.t The integration of an adaptive test section with a continuous

flow cryogenic wind tunnel is unique and will allow full-scale Reynolds number

matching to be linked with an improved testing environment. The available

test Reynolds number per foot of over 100 million far exceeds the capabilities

of any current adaptive wall facility. The strategy62 governing the

streamlining (wall adaptation) process, proposed,63,50 developed, ll,64 and

proven13,14,16,17,65 at the University of Southampton, limits the

achievement of wall interference-free flow to conditions which result in the

supercritical flow regions just extending to a streamlined wall. Tunnel

calibration is complete and two-dimensional model tests aimed at identifying

the limits of the test envelope and improving operational procedures have

commenced.

2.3.3 Capabilities of Current Adaptive Test Sections

The advantages of the two-dimensional adaptive wall technique (as

discussed in Sections 1, 3.1 and 4) are well established and the technique is

ready for employment in production test facilities at conditions where the

flow at the adapted walls remains subsonic. Wall adaptation at conditions

which result in supercritical flow at the walls has been demonstrated in

adaptive test sections of ventilated design, but the degree of local flow

control at the walls necessary to obtain wall interference-free flow conditions

is still in question. Prior to data presented in this thesis, the principle of wall

streamlining at such conditions had not been demonstrated in flexible walled

testsections.

t Under NASA grant NSG-7172
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2.4 Three-Dimension_! Model Tests in Test Sections with Two Flexible Walls

Three-dimensional control of the testflowfield requires mechanically

complex test sections,S8,66,67 in which flow visualisation and optical

measurement techniques (such as Laser-Doppler velocimetry) are often

impossible. Hence, attention has turned recently to extending the coverage of

theoretical and experimental work associated with utilisingtwo-dimensional

flexible wailed test sections for three-dimensional model testing. With just

two of the walls deformable and these only in single curvature the wall

interference cannot be totallyeliminated because the streamtube represented

by the four walls will be loaded. However, in principle,wall interference

effects at the test section centreline can be eliminated. It isanticipated that

the remaining wall interference will be of a correctable level and will

certainlybe lessthan for conventional testsections.

Initial investigations at the Technical University of Berlin68 and in the

ONERA/CERT T2 Tunnel69 employing three-dimensional models and utilising

a two-dimensional wall adjustment strategT70, proposed by Wedemeyer and

Lamarche, have demonstrated that the residual wall interference can be

assessed and is correctable. Further experimental evidence, reported by

Harney,71,72 concluded that it isdifficultto justifythe additionalcomplexity

of flexible sidewalls at the expense of reduced or no flow visualisation. A

numerical study by Smith73 showed similarresults.

Further investigationsare necessary before a clear judgement can be

made, but the evidence so far suggests that two-dimensional wall adjustment

is a very promising technique for three-dimensional model tests up to

transonic speeds. Development of the technique continues at several research

organisations including the University of Southampton, details of which are

beyond the scope of thisthesis.

2.5 Supersonic Testing in Two-Dimensional Adaptive Test Sections

At present the documented research relating to the development of

the adaptive wall technique at low supersonic speeds is limited. It is

anticipated that a test section with ventilated walls and local control of wall

porosity will provide an improved test environment compared with ventilated
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test sections of constant wall porosity. The properties of flexible walled test

sections at supersonic speeds are largely unknown. A theoretical study by

Ganzer et al.68 demonstrated that the required wall contours exhibit greater

gradients than at subsonic speeds but they appear to be feasible, as also

suggested by Goodyer (see Section 3.1). The experimental demonstration of

test section boundary interference-free flow conditions is awaited.
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3. THE ADAPTIVE FLEXIBLE WALL TECHNIQUE

3.1 Principle of Wall Streamlining

If the walls of a test section could be adapted to follow any one of the

infinitenumber of streamtubes that exist around a model in a free flowfield,

then the test section boundary interference on the model would be eliminated

provided that the streamtube was infinitelylong. At this condition the walls

of the test section can be considered simply as substitutes for streamtube

surfaces (neglecting,for simplicity,the wall boundary layer). In practice, the

streamtube shape varies with reference Math number, model shape and

incidence, therefore the walls of a non-ventilated test section need to be

flexible.

In the case of a two-dimensional model in an infinite flowfield as

shown on Figure 3.1, the streamtube can be regarded as bounded (above and

below) by a pair of streamlines. Therefore, only two of the test section walls

need be contoured, and then only in single curvature. The wall boundary

interference effects at the model are eliminated when the two flexible walls

follow any two streamlines (one above and one below the model), at which

condition the walls are termed 'streamlined'. As also shown on Figure 3.1 the

flowfield can be divided into three portions:-

1) An imaginary portion extending to infinity above the test section -

I1.

2) A real portion within the test section - R.

3) An imaginary portion extending to infinity below the test section -

12.

If a wall is to be considered as a substitute for a streamline, then the

properties of a streamline must be applicable to the wall. A streamline

cannot sustain forces, the pressures on both sides of the streamline must be

equal; there may be a pressure gradient across the streamline but not a

pressure lump. This is the streamlining criterion used to determine whether

the wall shape corresponds to that of a streamline in an infinite flowfield.
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Hence when the walls are streamlined, there will be no pressure imbalance

across the two boundaries between the real and imaginary flowfields (i.e. the

wall loading is zero).

The full advantages of the adaptive flexible wall technique are

realisedwhen the flexiblewalls are positioned close to the model (as discussed

in Section 4.1). Thus at high subsonic speeds the shocks from the model

extend to the walls and beyond into the imaginary flowfields surrounding the

test section. However, even at these conditions, the principle of wall

streamlining is stillapplicable; top and bottom wall boundary interference

effects on the model are eliminated when the flexiblewalls exhibit zero wall

loading and therefore are correctly streamlined. One feature assured by the

proper adjustment of the flexiblewalls to zero wall loading isthat none of the

shock waves produced by the model would be reflected in any way from the

walls. One requirement of zero wall loading, at such conditions,is that the

patches of supercriticalflow in the real and imaginary flowfields are closely

matched, as illustratedon Figure 3.2. The flexible wall itselfsupports the

pressure rise across the shock, therefore the change of flow direction which

might otherwise occur with a conventional ventilated test section isprevented

in a flexiblewalled testsection.

For supersonic testing, yet to be investigated in the TSWT, it is

anticipatedthat the initialportion of the test section would be used to form a

convergent-divergent nozzle. There will be a need to cancel the bow shock

reflectionsand initialwork by Goodyer (summarised on Figure 3.3) suggests

that thismay well be possiblein the TSWT by wall contouring.

3.2 Measures of Wall Streamlining Quality

It must be recognised that zero wall loading is a practical

impossibilityt and therefore some measures of acceptable levels of loading, or

their consequences, must be established. One measure of wall streamlining

quality is determined from the wall loadings given by the differences between

t Test section truncation effects, lack of wall control between jacks,

experimental and computational errors contribute to the impossibility of
zero wall loading.
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the static pressures measured at the flexible walls inside the test section and

imaginary static pressures on the outside of the walls. The imaginary

(external) pressures are derived during computations of the imaginary

flowfields which extend outwards from each flexible wall to infinity. The

imaginary flowfields are treated analytically independent of each other, but

have common values of free-stream properties far upstream. The contour

which is used as the boundary of the imaginary flowfields is not the physical

shape of the wall, but an effective shape, called the effective aerodynamic

wall contour. These effective aerodynamic contours allow for the

displacement thickness of the flexible wall boundary layers.

Provided that the effective aerodynamic contour does not penetrate

the wake or boundary layer of the model an inviseid solution to the imaginary

flowfields is possible and proper. It follows that the imaginary flowfields will

be less complex than the real flowfield close to the model, and the accuracy

of the imaginary flowfield computations will be more reliable than theoretical

estimates of model performance, whatever the current state of the art. An

accurate prediction of the external wall pressures given by the imaginary

flowfield computations is necessary for the correct determination of wall

streamlining quality.

Nall loading is evidence of wall interference; if the real (test section)

and imaginary pressures (or corresponding veloeities) differ at any point along

a wall then the wall shape is not that of a streamline in the infinite flowfield.

In praetiee, the loading will be finite as the flexible walls ean only be

positioned within some toleranee band set by experimental and theoretieal

features of the system. As a matter of poliey the flexible walls of the TSWT

are eontoured to eliminate as far as is feasible the top and bottom wall

Ioadings.

The difference in pressure across a wall has been introduced as one

measure of the quality of wall streamlining. At a point along a wall the

apparent pressure differenee, having in general a true component but also an

erroneous component because of measurement and computational errors, is

converted into a pressure difference coefficient and used as a measure of the

local wall loading. Coefficient values are available at each jack position, but

the practice has long been adopted of evaluating an average value for each
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wall, given the symbol E. Formally, E is the average of the modulus of the set

of pressure difference coefficients determined at each jack along a wall.

Experieneel3, 65 has shown that for the TSWT satisfactory streamlines exist

when the value of E is less than 0.01 on both walls.

When streamlined the flexible walls are unloaded, but the streamlined

portion of the test section is necessarily finite. It can be assumed that the

truncation of the test section length leads to loading beyond each end of the

test section, even when the walls are streamlined. However, by using a

suitably long test section with the model mounted symmetrically in the

streamlined portion, the effects of the loading at the two ends of the test

section largely cancel each other.50

After each streamlining iteration the residual interference effects at

the model due to the remaining wall loading are calculated using linearised

theory,13 providing more measures of the quality of wall streamlining. For

convenience the interference effects are expressed in terms of:-

1) Induced angle of incidence at the aerofoil leading edge.

2) Induced camber.

3) Streamwise velocity error at the quarter chord point of the aerofoil

expressed as an error in pressure coefficient.

Past experience13,65 has shown that when the walls are streamlined

(E < 0.01 on both walls), none of the three components of the residual

interference alone induces an error in CL greater than about 0.008. Typically

this limit in CL results from maximum residual interference effects of:-

a = 0.015 °

Camber = 0.07 °

Cp = 0.007
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3.3 Principles of Flexible Wailed Test Section Operation

The wall streamlining process must be free from dependence on any

assumption about the nature of the flow over and in the vicinity of the model.

This requirement is based on the argument that if such flows could be

calculated, or otherwise determined with confidence, there would be no need

for the wind tunnel test.

Hence, the only information necessary for the streamlining of

two-dimensional adaptive test sections is the tunnel reference flow conditions

and the wall data. Wall data is obtained by the measurement of two

independent flow variables on control surfaces at or near the test section

walls. The variables may be perturbation velocities, flow deflection angles or

static pressures. The important fact is that the test section itself, influenced

by the flow disturbances generated by the model, provides all information

necessary for wall streamlining, hence the use of the descriptive phrases

'self-streamlining'or 'self-adapting'.No knowledge about the model or the

flow in the vicinityof the model is required. In the case of flexible walled

test sections the control surfaces are the flexiblewalls and the measured flow

variables become the flow deflection angle (which can be obtained from the

wall geometry) and the staticpressure, therefore the wall data is inherently

easy to obtain. This isnot the case with adaptive test sections of ventilated

design (as previously indicated inSection 2.3.1).

In practice, wall streamlining is aehieved by means of wall

adjustments in iterative steps (streamlining iterations); the general operating

procedure is shown on Figure 3.4. In this example, it is assumed that the walls

are to be re-streamlined after a small change in the test conditions of model

incidence and/or reference Maeh number. The streamlining eyelet starts with

the measurement of tunnel pressures, from which a new pair of wall eontours

are computed. Wall loading and the resulting residual interferences are

assessed as an indication of the quality of wall streamlining (see Section 3.2

for details). If the wall streamlining criterion is not satisfied, then the walls

are adjusted to the new contours and the process is repeated until the wails

t A streamlining cycle consists of a series of iterations bringing the wails to
satisfactory streamlines.
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are satisfactorilystreamlined, at which stage the streamlining cycle is

complete and the model pressures are recorded.
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4. DISTINCTIVE FEATURES OF FLEXIBLE WALLED TEST SECTIONS

4.1 Advantages Over Conventional Test Sections

In addition to the elimination (as far as experimentally possible) of top

and bottom wall interference effects, the two-dimensional flexible wailed test

section offers the following advantages over test sections of conventional

design:-

4.1.1 Higher Reynolds Number

The elimination of wall interference allows the reduction of test

section height, or conversely, the model size may be increased. Both actions

reduce the ratio of test section height to model chord (h/c). The reduction of

h/c for a given test section flow area and model aspect ratio leads to

improved Reynolds number capability.

The desire to bring the flexiblewalls as close as possible to the model

is limited by several practical and aerodynamic limitations.7,8 The most

notable limitationis that mixing of the wake or boundary layer of the model

with the flexiblewall boundary layer invalidatesthe underlying assumptions of

wall streamlining.

4.1.2 Reduced Power Requirements

A reduction of tunnel drive power is an important alternative to

increased Reynolds number capability. The reduction of test section size

coupled with the elimination of test section ventilation can lead to

significantlyreduced tunnel power requirements. The overall power reduction

brought about by the use of flexiblewalled test sections may exceed 80% for

some transonic testregimes.8

4.1.3 Improved Flow Quality

Test section flow quality isrecognised as an important characteristic

in unsteady and transonic aerodynamics. However, existing transonic wind

tunnels employ ventilated test sections which produce high levels of

turbulence and noise, generating largely unknown interference effects.
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Flexible walled test sections remove the need for ventilation. The test

section walls are impervious and smooth, leading to improved test section flow

quality.

Test section flow quality is also dependent on secondary flows. In

two-dimensional testing the magnitude of secondary flow effects presumably

increase with test section height and reduce with increasing model aspect

ratio. Wall streamlining allows the use of shallower test sections and/or

larger models since wall interference is eliminated. When the test section

height is small the cross-sectional shape of the flow channels over and under

the model becomes slit-like. In these circumstances, it may be argued that

the flow becomes highly two-dimensional, with any secondary flow effects

tending to be limited to the tips of the model. This may not be the case with

test sections of conventional height.

4.1.4 Available Wall Data

A prerequisite of the streamlining process is the measurement of 'wall

data' (as previously noted in Sections 1 and 3.3). The wall data, which consists

of the geometries of the flexible walls and static pressure distributions along

their centrelines, also allows the wall interference effects at the model to be

quantified 13 at any stage of the streamlining process. Therefore, as a means

of reducing the streamlining run-time overhead there remains the option of

terminating the streamlining process before the walls have been set to the

best possible streamlines, and then to apply conventional corrections (of

modest level) to the model data. When considering the application of model

corrections it should be noted that the recent progress in boundary

interference-assessment methods74-82 has been achieved by the realisation

that measured boundary conditions are more reliable than those obtained from

wall modelling.83,84 The nature of the streamlining process demands that the

boundary conditions are routinely measured in flexible walled test sections,

which is often not the case in test sections of conventional design.

The wall data, in principle, also contains information on lift,pitching

moment, model wake displacement thickness and model aerodynamic shape.

In practice, only lift85 and model wake displacement thickness II have been

satisfactorily estimated from wall data obtained in the TSWT. Inadequate

resolution of wall measurements prevents the satisfactory assessment of the
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other quantities. The displacement thickness of the model wake is available

from the movement apart of the flexiblewailsdownstream of the model after

wall streamlining (thispoint is discussed in greater detail in Section i0). Lift

can be extracted from the corresponding forces on the flexiblewalls together

with verticalcomponents of momentum at the test section ends.

Itcan, therefore, be argued that flexiblewailed test sections routinely

provide more reliable boundary information than conventional transonic test

sections, leading to the realisation of the correctable interference wind

tunnel,postulated by Kemp.86

4.1.5 Test Mode Versatility

Flexible walled test sections offer the possibilityof simulating many

two-dimensional flows.7,11 Careful design of the test section can allow six

test modes of operation. The test modes are as follows:-

4.1.5.1 Closed Tunnel Mode

The closed tunnel mode is the mode of operation of many low speed

and supersonic wind tunnels of unventilated design, where the test section

walls are straight and generate the flowfield of an infinite array of images.

The straight dividing streamlines between these images and the model

coincide with the test section walls, and therefore the wall streamlining

criterion for a flexible walled test section is simply that the walls follow

'straight' contours, as shown on Figure 4.1a. The flexible walls are adjusted to

straight contours experimentally by setting up a condition of constant static

pressure, equal to the reference value, along the centreline of each wall with

the test section empty, t In this way the walls diverge to allow for the growth

of the boundary layer displacement thickness along the test section.

4.1.5.2 Open Jet Mode

The wall streamlining criterion for the simulation of open jet test

conditions, is satisfied when the flexible walls are contoured to give constant

pressure, equal to the free-stream ambient value, along the centreline of each

t Contours derived in this way are usually described as aerodynamically

straight(see Section 8.1 for furtherdetails).
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wall with a model installed in the test seetion,_ as shown on Figure 4.1b. The

setting of such contours was one step in the wall streamlining procedure used

by Loek and Beavan5 of the National Physical Laboratory in the 1940's (see

Section 6.3 for further details).

4.1.5.3 Infinite Flowfield Mode

The infinite flowfield mode of operation is the most widely used in

commercial two-dimensional wind tunnel testing. As described in Section 3.2,

the wall streamlining criterion is satisfied when the flexible walls are

contoured to eliminate inequalities between static pressures measured at the

walls inside the test section, and external wall pressures derived during

computations of the imaginary flowfields. For lifting or non-symmetrical

models the two flexible walls are required to follow different shapes, as shown

on Figure 4.1c.

4,1.5.4 Ground Effect Mode

In the ground effect mode, the flow to be generated in the test section

is a portion of that about a pair of models, one being the mirror image of the

other. The flexible walls bound the real flowfield which contains one of the

models, as shown on Figure 4.1d. One wall represents the line of symmetry

between the real and imaginary models and the other follows any convenient

streamline along the other side of the real model. The wall streamlining

criterion is satisfied when the 'ground' wall is set straight as for the closed

tunnel mode, while the other wall iscontoured to satisfy the infinite flowfield

criterion.

4.1.5.5 Cascade Mode

In the cascade mode of operation, the flexible walled test section

simulates a portion of the flow about an infinite cascade of aerofoils. The

test section bounds a single aerofoil with the walls contoured to streamlines

between the aerofoils, as shown on Figure 4.1e. As the flowfield between

each aerofoil is identical, the walls may follow identical streamlines above

t Contours derived in this way are usually described as constant pressure

contours.
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and below a single aerofoil in the cascade. A simple wall streamlini,,g

criterionis that the measured staticpressures along the flexible walls should

be equal when the walls are spaced one aerofoilpitch apart in the plane of the

easeadel2 (i.e.pressures at A, B and C are respectively equal to pressures at

A t, Bt and C'). Turbine and compressor cascades may be simulated, in

principle,around one model by re-streamliningthe walls for different cascade

planes (pressurematching angles).

4.1.5.6 Steady Pitching Mode

In a flexible walled test section it is possible to simulate different

steady pitching rates with a stationary model, in order to assess the associated

changes in model force and pitching moment coefficients.87 The procedure

first involves wall streamlining for art infinite flowfield, then some curvature

of the tunnel centreline is introduced. The walls are adjusted in accordance

with local changes of the centreline position from straight to curved, as shown

on Figure 4.1f. Different pitching rates are simulated by varying the

magnitude of centreline curvature. The walls, while not perfect .+, may be

assumed to be approximately streamlined for steady pitching.

4.2 Disadvantages Compared. with Conventional Test Seetions

4.2.1 _Operational Aspects

The flexible walled test section moves towards interference-free

boundaries in a series of iterations which may be regarded as non-productive

in terms of providing interference-free data on the model. The number of

iterations required to streamline the flexible walls is a function of:-

1) The rate of convergence of the wall adjustment strategy which predicts

any necessary wall movement.

2) The magnitude of the change in test conditions between streamlining

cycles.

t Steady pitching investigations at Southampton87 did not attempt to

produce the change of flow velocity with test section height necessary for
the full simulation of steady pitching.
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Muchresearchhas been aimed at minimising the streamlining run-time

overhead by developing complex wall adjustment strategies and fast

automated wall setting systems. However, the number of necessary

streamlining iterations may be significantly reduced by careful design of the

test programme, based on the general rules that in two-dimensional testing

changes in wall contour with test conditions are small in the case of a Math

sweep and, of course, are small if the change of angle of incidence is small.

The test programme is usually initiated from straight contours, but the walls

need never be, and usually are not, re-set to straight during a test programme.

Furthermore, it should be noted that as additional means of reducing tunnel

run-time associated with wall streamlining there remain the following options

not explored so far:-

1) Compromise in the quality of wall streamlining coupled with the

application of modest corrections to the model data.

2) Initiating the streamlining cycle from wall contours previously computed

to follow 'near' streamlines.

4.2.2 Increased Complexity

A practical self-streamlining test section demands automatic control

of wall shape to ensure efficient and economical use of wind tunnel run-time.

Any future dynamic testing in flexible walled test sections will

demand wall control systems of even greater complexity, so that the flexible

walls will be able to follow the dynamic mode. Such wall control systems may

prove to be impractical. However, if the walls are streamlined at the

mid-position of the dynamic mode then the wall interference may prove to be

negligible and will certainly be less than for a conventional test section of the

same proportions.

4.3 Advantages Over Ventilated Adaptive Test Sections

Adaptive ventilated wind tunnels locallycontrol the flow through the

test section walls, which necessitates the use of complex test section

hardware and advanced flow instrumentation for the measurement of flow

angularity(as illustratedin Section 2.3.1). In flexiblewalled test sections the
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need for ventilation is removed, hence reduced tunnel drive power, and the

required measurements of wall static pressure and wall position are relatively

simple to make. Therefore, in practice, the operation of flexible walled test

sections isless complex than the operation of adaptive test sections employing

ventilation.
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5. DESCRIPTION OF TRANSONIC SELF-STREAMLINING WIND TUNNEL

5.1 Wind Tunnel Layout

A schematic layout of the wind tunnel88 is shown on Figure 5.1. The

tunnel has a closed circuit with stagnation conditions of ambient pressure and

temperature. The induced-flow is driven by dried compressed air through an

injector downstream of the test section, as shown on Figure 5.2. Mach number

in the tunnel may be varied continuously from low subsonic to low supersonic

by adjustments to inducing air pressure and test section wall contours.

Tunnel run-time varies from near infinity at low speeds to a maximum

of about two minutes at high speeds. Inducing air pressure control is handled

by a pneumatic Fisher control valve system which allows the rapid setting up

of reference Mach number, and provides good stabilisation of Mach number

despite the falling compressed air reservoir pressure experienced during a high

speed run.

There are a series of screens mounted in the settling chamber

upstream of the contraction for flow smoothing. The tunnel cross-section at

the screens is 91.44cm (36 inches) square, therefore with the test section at

its nominal 15.24cm (6 inches) depth and width the contraction ratio is 36:1.

In the return leg of the tunnel circuit there is an air exhaust to maintain

ambient conditions and for safety reasons there are two blow-off vents.

5.2 Flexible Walled Test Section

5.2.1 L_ayout

A schematic layout of the TSWT test section is shown on Figure 5.2.

The layout represents what is regarded as a near optimum design of a flexible

wailed test section.

The test section is 15.24cm (6 inches) square in cross-section at the

upstream end, with parallel rigid non-porous sidewalls throughout. The

impervious top and bottom flexible walls, 1.12m (44 inches) in length, are

anchored at their upstream ends to the fixed contraction and adjusted in single
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curvature by twenty motor-driven screw jacks on each wall. Wall shape is

monitored at all jack positions. The 20th and last downstream jack of each

wall controls the free ends of the flexible wall in a sliding joint coupled to a

variable diffuser. Hence, the streamlined portion of the test section

effectively extends from jack 1 to jack 19, giving 96.52cm (38 inches) of

streamlined length, on each wall.

The flexible walls are made from woven man-made fibre (Terylene)

laminate. Presumably, they deform between jacks to contours dictated by

their structural properties rather than following streamlines. Since the wall

pressure loading and the streamline curvature both peak near the model, jacks

are pitched closer together in this region than elsewhere. There are eight

closely grouped jacks per wall near the model with a spacing of 2.54cm

(I inch), whilst upstream and downstream of the model the jack spacing

increases to 7.62cm (3 inches) maximum, as shown on Figure 5.2 and by the

picture on Figure 5.3 which shows the model mounted in the test section with

one sidewall removed. The flexible walls are 5.08ram (0.2 inches) thick at

their ends, with a central portion de-laminated to a thickness of 2.54mm

(0.I inches) coinciding with the closely grouped jacks.

The wall jacks are housed in the test section 'backbone_ which support

the heavy sidewall plates. The chambers formed between the backbones and

flexible walls are vented to the test section at the variable diffuser, as a

means of minimising wall pressure loading. There is a clearance of

approximately 0.76ram (0.03 inches) between the flexible walls and the rigid

sidewalls to allow free movement. The gap isclosed with a rubber seal bonded

to the flexible walls to prevent in-flow and out-flow of air around the walls.

The two-dimensional model is mounted horizontally on glass windows

integral with the rigid sidewalls, as shown by the picture on Figure 5.3. This

arrangement allows the use of several flow visualisation techniques, such as

schlieren photography. There is no provision for sidewall boundary layer

control. The quarter chord point of the model is arranged to translate

vertically with the change in angle of incidence to minimise wall curvature

and help centralise the model between the walls in the presence of changing

up and downwash.
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As shown on Figures 5.2 and 5.3 a pitot rake is positioned on each

flexible wall between jacks 19 and 20 to search for a potential flow core

between the model wake and flexible wall boundary layers. Mixing of the

model wake and wall boundary layer invalidates the underlying assumptions of

wall streamlining.

The pressure data used in predicting the contours for two-dimensional

interference-free flow comprises merely of the static pressure distributions

along the flexible walls, and the tunnel reference Mach number. Static

pressures are measured on the centreline (and other stations) of both flexible

walls at all jack positions, except at the last downstream jack of each wall

(i.e. jacks 20). The tunnel reference Mach number is determined from a

reference static pressure measured on the centre of one sidewall in the plane

of the flexible wall anchor points (as shown on Figure 5.2) and the reference

total pressure measured just downstream of the screens in the settling

chamber. The length of the test section has been chosen50 so that the

disturbance induced by the model in the streamwise component of flow is

negligible at the reference static point. Furthermore, by mounting the model

symmetrically in the streamlined portion of the test section the effects of

induced upwash at both ends of the test section largely cancel each other50.

It is argued that these features, coupled with the streamlining of the flexible

walls, eliminate any need to apply corrections to the test data to account for

top and bottom wall interference or length truncation.

5.2.2 Jack Layout

Each wall jack communicates with the computer to allow the

following:-

1) Transmission of wall position data.

2) Transmission of wall staticpressure data.

3) Change of wall position.

Each jack isdriven through a worm reduction gear by a stepper motor

(SLO-SYN M051-DW601) allowing easy digitalcontrol by the TSWT computer.

One motor step corresponds to 15.0° of motor shaft rotation,whilst one motor

shaft revolution corresponds to a wall movement of 0.036ram (0.0014 inches).
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Maximum motor power is achieved at a step rate of approximately 200Hz

resulting in a wall increment of 0.30ram (0.012 inches) per second. A single

jack is designed to have power sufficient to contour the flexible wall but

insufficient to damage the wall. The stepper motors of adjacent jacks are

mounted on alternate sides of the test section.

A linear potentiometer (Sakae 20 LP 30) provides simple analogue

information on the wall position. The potentiometer monitors the movement

of a connecting bar which is directly coupled to the flexible wall.

The maximum travel of a jack is 2.54cm (1 inch), the movement being

limited by the maximum stroke of the linear potentiometers. This monitored

range of travel can be set anywhere within 5.08cm (2 inches) of available

mechanical travel. The wall setting accuracy is estimated to be 0.127mm

(0.005 inches).

5.2.3 Pressure Data Acquisition System

The pressure data acquisitionsystem samples tunnel and model static

pressures; a Scanivalve system converts pressures to analogue signals for

computer sampling.

The TSWT is fitted with a Scanivalve module system consisting of a

solenoid drive coupled to four 48 port scanner modules and an eneoder,

enabling rapid sampling of 192 inputs. The minimum number of pressure

inputs for the two-dimensional tests under discussion was 84, comprising

38 wall static pressures, tunnel reference static and stagnation pressures and

44 model pressures.

One transducer is rated at 103.4 kNlm2 (15 p.s.i.)maximum

differentialpressure, while the others are rated at 17.2 kNlm2 (2.5 p.s.i.).

The 15 p.s.i,transducer, which is referenced to atmosphere, monitors the

reference static pressure every sixth port during the 48 port scan and is

arranged to sample large suction pressures on the model, as well as the

reference total pressure. All 2.5 p.s.i,transducers are referenced to the

tunnel reference static pressure and sample all other pressures (mainly wall

and model staticpressures).
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Signal levels from the transducers are significantlylower than the +5

volt range of the analogue to digitalconverter. Therefore, signalconditioning

was required and simple operational amplifiers were used. To minimise the

effects of long term drift in the outputs of the amplifiers zero readings were

taken from the transducers before each tunnel run.

During a tunnel run a dwell time of at least 80 milli-seconds at each

Scanivalve port was used to allow for stabilisation of pressures and transducer

rise-time. Each recorded transducer signal was an average of fifteen samples

taken at a rate of 1KHz. An automatically controlled 48 port scan took about

eight seconds.

5.3 The Model

The model used throughout this investigation was a NACA 0012-64

aerofoil of 15.24cm (6 inches) span and 10.16cm (4 inches) chord (see Tables

2.1 and 2.2 for further details of the model). The resulting ratio of test

section height to model chord of 1.5 is much lower than normal for

conventional two-dimensional testing. The same model had been used for the

majority of allprevious two-dimensional model tests in the tunnel14,15,65 and

isconstructed from stainlesssteel.

Each surface of the model has twenty-two static pressure tappings

with five tappings grouped within the first 10% of the chord and the remainder

spaced at approximately 596 chord intervals, as shown in Table 2.2. The

tappings on the lower surface are positioned along a chord line 9.52cm

(3.75 inches) from one sidewall. The tappings on the upper surface are

positioned along a chord line 5.71cm (2.25 inches) from the same sidewall.

Hence, the sets of upper and lower tappings are displaced spanwise by 3.81cm

(1.5 inches) symmetrically about the mid-span.

A grit transitionband, approximately 2.54mm (0.1 inches) wide, was

applied to the upper and lower surfaces centered at the 596 chord position.89

Under some test conditions (Mm greater than about 0.7) the concentration of

gritcould be seen by schlierenpictures to produce weak shock waves near the

leading edge. The weak shock waves affected the detailed shape of the

pressure suctionpeak near the transitionband.
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No attempt was made to accurately align the model zero angular

reference with the test section flow and therefore, the quoted angles of model

incidence are merely nominal. However, care was taken in measuring the

changes in angle of incidence which are estimated to be accurate to 0.1 °.

5.4 TSWT Control System

The main functions of the on-line computer control system of the

TSWT are to:-

l} Streamline the flexible walls.

2) Acquire test data from the model.

The control system consists of two control loops, one for Scanivalve control

and one for wall contour control, as illustrated by the control system outline

shown on Figure 5.4.

5.4.1 Hardware

The nucleus of the control system is a dedicated mini-computer which

communicates with the tunnel through itsperipheraldevices using digitaland

analogue signals. The control system hardware performs three main

functions:-

1) Wall movement.

2) Wall and model pressure measurement.

3) Wall positionsensing.

The wall movement function involvescontrolling(viadigitallines)the

forty stepper motors. Power pulses are transmitted to the 3-phase motors for

a pre-determined and variable time interval. The wall has then moved one

increment, givingbetween 0.05ram (0.002 inches)and 1.22mm (0.048 inches) of

wall movement at each lack position. The sequence isrepeated untilthe two

walls are correctly contoured, which typicallytakes about ten seconds.
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In addition to the computer control of wall position there is available

to the user the option of a 'manual' control system. This system allows each

jack to be individually selected and adjusted to a known position.

The wall and model pressure measurement function involves operating

the Scanivalve system. The Scanivalve begins its 48 port scan from a known

startingpoint,and dwells at each port to allow averaged transducer signalsto

be recorded by the computer. The encoder indicates to the computer that

each step of the scan has occurred.

The wall positionsensing function involves the computer sampling the

output from each of the forty linearpotentiometers. All of these signals are,

in principle,continually available for computer sampling. However, as the

potentiometer outputs are not electrically isolated from the jack motor

control system, due to noise they cannot be usefully monitored when the

flexiblewalls are moving.

The operation of the control system was monitored from a command

VDU console, with provision for the tunnel operator to display test data on the

console in real time. A hard copy on a line-printer and/or on a Tektronix 4662

plotter could be obtained subsequent to the tunnel run. The TSWT control

system hardware is shown in the picture on Figure 5.5.

5.4.2 Software

Computer software for the on-line control of the TSWT uses a

versatilemodular architecture.64 The main program comprises a collection of

sub-programs which combine to control the tunnel and output real time

results,or to provide a more detailed re-analysisof previously acquired data.

The software, written in FORTRAN IV language, is linked to a system

library, a FORTRAN library and a Real Time System Library (RTSL) to access

peripheral control subroutines. Where possible, standard FORTRAN IV has

been used but some commands are peculiar to the DEC system used. These

commands can be grouped into analogue to digital sampling commands (ADC

and RTS), programmable clock commands (SETR and LWAIT) and digital input

and output commands (IPEEK and IPOKE).
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The versatility of the control software, due to the modular

architecture,has allowed the generation of computer programs for particular

tasks such as:-

1)

2)

Aerodynamically straight t wall streamlining.

Prediction of the imaginary flowfields by several computational

methods.

3) Wall streamlining according to several wall adjustment

strategies.

Also, numerous utility computer programs have been developed to

assist with the operation of the TSWT. The tasks of such programs include the

following:-

l) Set both walls to specified contours together or individually.

2) Modification of wall contour records.

3) Display current position of flexible walls.

4) Display wind-on wall movement*t during a tunnel run.

5) Data file handling.

In addition, computer programs have been written to command the Tektronix

plotter to display tunnel and model data.

5.4.3 Safety features

The hardware and software of the control system include many safety

features to guard against possible system failure which may result in physical

damage to the test section.

t See Section 8.1 for definition of aerodynamically straight.

*t See Section 5.6.3 for definition of wind-on wall movement.
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The hardware safety features include:-

I) Wall adjustments are made by a series of small increments of

movement, thus the failure of a motor to move will not

overstrain the wall.

2) Flexible walls are strong enough to withstand the full stall

force of a singlejack motor.

3) An electronic guard against accidental jack operation at system

switch-on.

The software safety features include:-

I) Jack position is sampled before and after each increment of

wall movement, as a check on proper movement.

2) Displacement of the first jack on each wall is limited to

prevent damage to the wall anchor point.

5.5 Tunnel Operation

A streamlining cycle consists of the following stages:-

1) The model is set to the required angle of incidence.

2) The flexible walls are set to starting contours.

3) The control software is initiated. The tunnel stagnation

temperature (measured by a thermocouple in the settling

chamber), ambient pressure and test reference conditions are

manually entered into the computer by the tunnel operator.

4) The tunnel air is turned on and the reference Math number is

stabilised by adjustments to inducing air pressure.

5) The Scanivalve system is operated and tunnel and model

pressures are recorded by the computer.
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6) The computer reduces raw pressure data allowing analysis of

the data in order to generate a new set of wall contours.

7) The computer assesses the quality of wall streamlining.

8) If the streamlining criterion has not been satisfied the walls are

adjusted to the new wall contours (computed in stage 6). Then

stages 5 to 8 are repeated until the walls are correctly

streamlined.

9) A summary of tunnel and model test data is displayed on the

command VDU console and line-printer.

In practice, the tunnel drive air was turned on and off between each

streamlining iteration as a means of minimising air consumption. During high

speed runs (M® greater than about 0.8) a dwell time (of 10 minutes maximum)

between streamlining iterations was required in order to allow recovery of

reservoir air pressure.

5.8 Recent Modifications to the TSWT Facility

5.6.1 Computer

The original computer dedicated to the TSWT was a DEC PDP 11/34

running a single job operating system (DEC RT-11 Y.4). The 16 bit processor

was capable of addressing 32K words of real memory (plus 32K words of

virtual memory), but of this only 22K words of real memory was available for

a user's program. This memory capacity was dependent on the size of the

operating system. The present TSWT control program requires up to 31K

words of real memory, therefore to run the control software on the PDP 11/34

the technique of overlaying was required, so that only a small portion of the

software is stored in the real memory at any instant during execution. The

overlaying technique reduced the control program's memory requirement from

31K words to 17.9K words.

The need to reduce TSWT TSP code run-times (see Section 7 for

detailsof the code) and the desire for increased memory available to a user's

program led to the PDP 11/34 processor being updated to a PDP 11/84 and the
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installation of a multi-user operating system (TSX Plus). These updates, plus

the installation of extra disc storage, enables the facility to simultaneously

accommodate up to thirty-two users, each accessing 32K words of real

memory, whilst typical TSWT TSP code run-times were reduced by a factor of

four. However, at present the TSX Plus operating system does not support the

necessary peripherals to allow tunnel operation, hence the control software

can only be run on the PDP 11/84 under a regenerated version of the single job

operating system. This system limits the real memory available to the user's

program to 16.9K words, therefore the technique of overlaying is still required

to run the TSWT control program.

5.6.2 Flexible walls

The pushrods of jacks 1 to 19 were attached to the original flexible

walls by thin metal flexures and wall stiffener ribs. The ribs were screwed

and bonded to the wall and each supported three wall static pressure tappings.

One tap was on the wall centreline (Orifice 2) and one 5.080m (2 inches) on

either side of the centreline (Orifices 1 and 3). The metal flexures were

designed to accommodate varying local wall slopes and allow 'pull-up' due to

wall curvature. The free length of the flexures was 6.35mm (0.25 inches).

The original flexible walls were in operational use for over six years by

which time signs of wear had become obvious, therefore new flexible walls

were installed. The new walls feature five static pressure tappings per jack

position. One tap is on the wall centreline (Orifice 3), and two 5.08cm

(2 inches) and 2.54cm (1 inch) on either side of the centreline (Orifices 1, 5, 2

and 4). The increased number of pressure tappings is aimed at improving the

three-dimensional research capability of the tunnel.

The new walls have an improved jack/wall link mechanism to

eliminate some weaknesses which had become apparent in the metal flexures

previously used to link the jack push rods to the wall stiffener ribs. The

weaknesses included occasional flexure buckling and cracking plus a limited

amount of slipping of the flexure end-fixings. Since wall position is measured

by monitoring connecting bar movement, which is directly coupled to the jack

push rods, any uncontrolled free play between the push rods and the flexible

walls is most undesirable. The design of the jack/wall mechanism now in use

with the new walls is shown on Figure 5.6. The swinging links perform the
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same function as the old metal flexures but provide a more permanent

jaek/wall attaehment. Operation of the new jack/wall link meehanism is

clearly demonstrated by the picture shown on Figure 5.3.

5.6.3 Wind-on wag movement

The TSWT wall streamlining procedure relies on the position of the

flexible walls remaining unchanged between the wind-on and wind-off stages

of the streamlining process. However, during some model tests90 using the

original flexible walls, wind-on deflections (at jack positions) of up to 0.38mm

(0.015 inches) were experienced compared with their wind-off positions. The

wall movement was almost always towards the tunnel axis indicatinga greater

plenum chamber pressure than test section pressure. If ignored, the wind-on

wall deflections of such a magnitude are likelyto have a significanteffect on

the quality of wall streamlining. Thus, the TSWT control software now

routinely measures and records the wind-on wall deflections during each

streamlining iteration. However, the improved jack/wall link mechanism of

the new flexible walls has reduced the wind-on wall deflections to negligible

magnitudes.
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6. DESCRIPTION OF THE WALL ADJUSTMENT STRATEGIES EVALUATED

The wall adjustment strategy (WAS) is a fundamental component of

the self-streamlining concept. A rapid convergence of the walls to

streamlines depends on the adequacy of the strategy governing the

streamlining process. Thus, the evaluation of several strategies has formed a

major element of the research covered by this thesis.

The object of all the strategies under evaluation is to bring the

flexible walls to streamlined shapes in order to eliminate top and bottom wall

interference. The flexible walled test section itself, influenced by the flow

disturbances generated by the model, provides all the data required by the

strategies (as discussed in Sections I and 3.3).

The requirement that the strategy should be free from dependence on

any assumption about the flow in the vicinity of the model necessitates the

iterative nature of the streamlining process. A one-step strategy which does

not invoke any knowledge of the aerodynamic behaviour of the model would

require the behaviour not to change with wall shape, whereas the whole

adaptive wall concept arises because model behaviour is not predictable and is

dependent on test section boundary conditions (i.e.wall shape).

6.1 Predictive Wall Adjustment Strategy

Following the realisation that the simple Imbalance wall adjustment

strategy (see Section 8.3 for details of the strategy) for contouring the

flexible walls of two-dimensional test sections to streamlined contours was

too slow for practical use,7 Judd proposed,50,63 developed and placed in

service9 the Predictive wall adjustment strategy (WAS i). During the

following years the strategy was further refinedll,64 and extensively used and

proved up to transonic speeds.13,14,16,17,90,91

The strategy reduced by 75% or more the number of iterations

required to bring the flexible walls to satisfactory contours, and therefore the

tunnel run-time attributable to the streamlining process was significantly

reduced. It has been demonstrated that the strategy works well in
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two-dimensional testing at any set of conditions up to those which result in

the model's shock just extending to a streamlined wall (usually this would be

the suction surface shock just extending to the nearest wall).

The strategy was first implemented in 1976 in work with a low speed

flexible walled test section (SSWT 1) and is still used for routine

two-dimensional testing in the TSWT. More recently the strategy has been

embodied in the software which controls the flexible walls of the test section

insert of the 0.3-m Transonic Cryogenic Tunnel60,61 at NASA Langley

Research Center.

The strategy requires the wall shape and the velocity distributions

along both sides of each flexible wall to be known. The real side velocity

distributions are derived from measurements of static pressures along the

insides of the walls, while the velocities on the outside of the walls, generated

by the imaginary flowfields, are obtained by computation. The strategy

utilises this wall information in predicting new wall contours which will reduce

the wall loading present during the current runt and thereby reduce top and

bottom wall interference effects at the model, whilst simultaneously providing

the imaginary side velocity distributions over the new wall contours.

Therefore, if the present wall contour has been derived by using the strategy

the required imaginary side velocity distributions are available.

The underlying principles and theory which form the basis of the

strategy are briefly outlined in Appendix A. A more detailed account

including the presentation of software which embodies the procedures of the

strategy can be found in Reference 62.

6.I.I _Operational Requirements

The strategy can only be initiated from wall contours where the

imaginary side velocity distributions are known. Thus, to avoid the need for

imaginary flowfteld computations for a starting case it has become practice to

t The word 'run' is used here in the context of data gathering; a run is a

period during which all pressures (and perhaps other data) are being

gathered.
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initiate the streamlining cycle from aerodynamically straight contours, so that

the imaginary side velocity distributions are known.

i.e. V,x_ = imaginary side velocity at position x

= U_ = Constant

The linearised compressible theory of the strategy limits its

operational use to conditions up to those which result in the velocity

distributions along both sides of each flexible wall just remaining subsonic.

Therefore, in tests aimed at wall streamlining at high reference Mach

numbers, it is necessary to first run a test at a reference Mach number below

that which chokes the test section with the walls straight. The first wall

movements predicted by the strategy have a profound effect on the test

section flow, and for most conventional tests the streamlining cycle is usually

able to proceed at the required reference Mach number after the first

iteration.

The imaginary flowfield computations (which are an inherent part of

the strategy) assume that the changes in wall boundary layer displacement

thickness (8"), due to the presence of the model, are negligible.t The

underlying aerodynamic theory of the strategy does not allow any other

assumption to be easily made in this respect. However, such an assumption is

usually valid for routine two-dimensional testing (as discussed in Section 9.5).

With a correctly designed test programme (as discussed in Section

4.2.1)the strategy has allowed wall streamlining to be achieved within two or

three iterations. Analysis of both walls takes about 3 seconds on the DEC

PDP II/84 computer.

6.2 Exact Wall Adiustment Strateg_

Following the successful demonstration of the Predictive strategy up

to transonic speeds, Judd proposed92 and developed93 the Exact wall

adjustment strategy (WAS 2). The aim was to eliminate some of the

t See Section 9.1 for reasons why the imaginary flowfield computations
may be required to account for the changes of 8* along the flexible walls.
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mathematical approximations present in the Predictive strategy in order to

further reduce the number of iterations required to adjust the flexible walls of

two-dimensional test sections to streamlined contours. The strategy requires

the wall shape and the real side velocity distributions of both flexible walls to

be known, and utilises this information in predicting new wall contours of

reduced, ideally zero, wall loading. The equations derived by Judd which form

the basis of the strategy are presented in Appendix B. The approximations

stillpresent in the strategy include:-

i) The use of linearised flow theory.

2) Compressibility is incorporated in the form of the

Prandtl-Glauert factor ([3).

3) No account is taken of the dependence of model behaviour on

wall shape.

Experience with the Predictive strategy in the TSWT has shown that

the effects of i) and 2) are not large for reference Mach numbers not too

close to unity. However, as with the Predictive strategy, the linearised flow

theory limits the application of the strategy up to conditions which result in

the flow at the walls just remaining subcritical. As already stated the effect

of 3) would probably result in one or more iterations. However, as the

strategy does account for the aerodynamic coupling of the walls and also

includes some major second order effects (such as wall sloper), it was

anticipated that the strategy would offer the strong possibility of reducing

wall adjustments associated with a streamlining cycle governed by the

Predictive strategy. The validity of the strategy, within the above mentioned

limits, was confirmed by an exact analytic test case.93

6.2.1 Operational Requirements

The strategy can be initiated from any wall contour of known shape.

Unlike the Predictive strategy the streamlining cycle does not have to start

from aerodynamically straight contours or contours previously derived by the

t As described in Appendix A the underlying principles and theory of the

Predictive strategy applies only to a single flat flexible wall.
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strategy. This fact has important implications on the design of the test

program me.

The imaginary side velocity distributionsare computed according to

Equation B.2 of Appendix B (in the following this computational method is

denoted by IMAG 2). The form of Equation B.2 permits variationsin 8" to be

easily incorporated in the imaginary flowfield computations. However, in

routine two-dimensional testing such an allowance is not usually required (see

Section 9.5 for further details).

At present the Exact strategy requires about 6 seconds of computer

run-time with the DEC PDP 11184 computer.

6.2.2 Summary of Initial Operational Experience

The strategy was first implemented in the TSWT by Norman94 in 1983

and this initial evaluation of the strategy revealed the following problems:-

I) Unexpected wall shapes at both ends of the testsection.

2) Slow convergence of the walls to satisfactory contours.

3) Difficulty in satisfying the existing wall streamlining criterion

(E < 0.01 on both walls).

It was, therefore, concluded that the strategy did not warrant further

development. However, errors relating to the programming of the equations

and to the installation of the strategy into the TSWT control software have

recently been discovered by the author which has renewed interest in the

strategy.t

6.3 NPL Wall Adjustment Strategv

The transonic strategy proposed, developed and used by

NPL5,21,25,95-98 in the 1940's for wall streamlining involved determining,

experimentally, the wall contours that gave constant static pressure (hence

t The author's experience with the strategy is reported in Section 10.
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constant Maeh number) equal to the reference value along the centrelines of

the flexible walls. These contours were derived with the model installed in

the test section and for the purposes of thisthesisare described as rconstant

pres._twewcontours. Such contours simulate open jet conditions and therefore

stillinduce wall interference effects at the model. For wall streamlining, the

flexible walls were then positioned to shapes between the constant pressure

contours and the previouslyderived aerodynamically straight contours.

The strategy was based on conclusions from a series of theoretical

calculations of inviseid incompressible flows around simple two-dimensional

models.5,21 In this theoretical work the blockage of the model was

represented by a single doublet, the wake behind the model by a single source,

and any lift by a point vortex. It was found that the streamlined contours

were everywhere roughly half-way between the constant pressure and

aerodynamically straightcontours.

The above described wall adjustment strategy employing a half-way

setting factor (NPL 1 WAS) was used to streamline the flexiblewalls of the

20 x 8 NPL Tunnel20,5,21,91 (see Section 2.1.3for tunnel details). Difficulty

was experienced in the 20 x 8 NPL Tunnel in obtaining wall contours that gave

constant staticpressures,equal to the reference value, on both walls when lift

was present. Consequently, NPL adopted the practice of adjustingthe flexible

walls to contours that gave constant staticpressures along the centrelines of

the walls,but with the pressures differingon the two sides of the test section,

the value of the difference depending on the magnitude of the liftpresent.

The contours were derived experimentally by employing what we now term the

Imbalance strategy (see Section 8.3 for detailsof the strategy), as were the

aerodynamically straightcontours.

The above mentioned NPL practice was not required when deriving

constant pressure contours in the TSWT, as contours exhibiting constant static

pressures equal to the reference value on both walls could be attained without

difficulty. The problems experienced in deriving constant pressure contours in

the 20 x 8 NPL Tunnel may have been due to the reference pressure orifice

being influenced by the disturbance caused by the lifting model, as the orifice

was situated only 21.59em (8.5 inches) ahead of the leading edge of the

standard 12.70em (5 inches) chord model. The fact that the reference orifice
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was located on one flexible wall further complicated the matter, since the

orifice would be influenced by the disturbance caused by wall movement.

Lock and Beavan5 suggested that the NPL strategy employing a

setting factor of six-tenths towards the constant pressure contour (NPL 2

WAS) would be more 'nearly correct' in the vicinity of the model than the

original half-way setting factor. Presumably, in an attempt to account for the

approximate definition of constant pressure contours derived in the 20 x 8

NPL Tunnel they also suggested an additional calculated wall movement based

on the estimated lift coefficient of the model. As far as the author is aware

no tests utilising the new setting factor of six-tenths (NPL 2 WAS) or the

extra wall movement to streamline the flexible walls of the 20 x 8 NPL Tunnel

have ever been published.

The value of the setting factor between the constant pressure and

aerodynamically straight contours may well be test section dependent.

However, the two setting factors suggested by NPL were expected to be

sufficiently accurate for most test sections,96 therefore only these setting

factors were used during the present evaluation of the NPL strategy in the

TSWT. The additional wall movement suggested by Lock and Beavan was not

applied as contours exhibiting constant static pressures equal to the reference

value on both walls were easily attained in the TSWT.

6.4 Notation of Wall Adiustment Strategies

The wall adjustment strategies (and their variations) under evaluation

proposed by Judd and

routine two-dimensional testing in the TSWT.

used in

in this thesis are denoted by the followings-

1) WAS 1 - Predictive strategy

2) WAS 1A - WAS 1 strategy but with the external velocity

distributions computed by the TSWT TSP code. t

t See Section 7 for details of the TSWT TSP code.
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3) WAS IB

4) WAS 2

5) WAS 2A

6) NPL 1 WAS

7) NPL 2 WAS

- WAS 1 strategy but with the external velocity

distributions computed according to IMAG 2t.

- Exact strategy proposed by Judd to reduce the number

of streamlining iterations (external velocity

distributions computed according to IMAG 2).

- WAS 2 strategy but with the external velocity

distributions computed by the TSWT TSP code.

- NPL strategy used in two-dimensional testing in the

20 x 8 NPL Tunnel during the 1940's.

- Modification of NPL strategy suggested by NPL.

t IMAG 2:- Imaginary flowfield computations according to Equation B.2 of

Appendix B.
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7. PREDICTION OF MIXED FLOW IH THE IMAGIIqARY FLOWFIELDS

The nature of the imaginary flowfield eomputations embodied in the

WAS 1 strategy limits the operational Math number of the TSWTt (as already

stated in Section 6.1). At higher speeds supereritieal flow extends rthroughf

the flexible walls when they are not straight, invalidating the linearised theory

used to compute the imaginary flowfields. To permit the extension of

two-dimensional testing to higher transonic speeds (where the channels over

and under the model can both be choked) a major new development was

necessary. This was the provision of a code to solve the mixed flows now in

the imaginary flowfields. It was anticipated that there would be a

considerable computational time penalty associated with the increased

complexity of a suitable code.

?.1 Past Attempts

?.1.1 Time Marching Code

In 1980 Mason99 adapted a code (developed by Spurt100 and capable in

principle of introducing supercritical flow) in an attempt to compute the

imaginary flowfields at high subsonic reference speeds. The code, originally

designed to compute two-dimensional transonic flow in turbomachinery,

employed a time marching finite area method developed by Denton.101 Due

to the problems encountered in the practical application of the codett and in

the accuracy of shock placement, the time marching method proved to be

unsuitable for the needs of the TSWT.

t The same limitation applies to the WAS 2 strategy.

ft The code could not be run on the TSWT computer and often exceeded the
CPU time limit for a single job when run on the ICL 2970 computer at
Southampton.
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7.1.2 Streamline Curvature Code

Extensive attempts by the author to modify an existing (locally

written) compressible subsonic streamline curvature code in order to compute

the mixed flow of the imaginary flowfieldsfailed.

7.2 RAE Transonic Small Perturbation Code

7.2.1 Background

At high subsonic speeds the two-dimensional inviscid flows of the

imaginary flowfields are often characterised by the presence of adjacent

regions of subsonic and supersonic flow, which are described by elliptic and

hyperbolic equations respectively. Hence the mathematical description of

such flows requires the solution of mixed equations, but as the problem is

non-linear there are no analytical solutions. However, recent advances in

digitalcomputers have allowed numerical solutionsto be obtained.

The breakthrough in practical computation of inviscidtransonic flow

came with the application of finite-difference techniques. Two basic

approaches have evolved; time dependent techniquesl02,103 and relaxation

methods. I04-I07 The former approach requires lengthy computation; Magnus

and Yoshiharal08 quote a typical computing time of over two hours on a CDC

6400 computer.

Relaxation methods were first developed by Emmonsl09-111 in the

1940s but were reformulated for transonic flow computation in the early 1970s

by Murman and Colel04 and by Krupp.105 The majority of methods developed

so far are based on the transonic small perturbation (TSP) equation, although

the full potential (FP) equation has also been solved.106 However, it has been

shown105,112,113 that solutions of the TSP equation can be obtained which do

not differ appreciably from the corresponding solutions of the FP equation.114

Furthermore, the computational demands of solving the TSP equation are

more realistic than solving the FP equation. Kruppl08 quotes a TSP

computing time of about thirty minutes on an IBM 360/44 computer. On a

faster machine (CDC 6600) the same calculation took only four minutes.
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Following discussions a code was offered by RAE Farnborough (in

which the TSP equation is solved by the employment of finite-difference

schemes and relaxation), which appeared to offer real promise in computing

the mixed flows of the imaginary flowfields and thereby extend the

operational test envelope of the TSWT. The code (RAE TSP code)ll2 was

originally designed to predict two-dimensional irrotational flow past lifting

aerofoils in free air at transonic speeds. RAE Farnborough (RAE) has used the

code as a convenient and versatile tool for basic design t and to investigate

test section boundary interference.113

In the following (Sections 7.2 and 7.3) the code is first briefly outlined

and then its adaptation to the purposes of the TSWT isdetailed.

?.2.2 Governing Equation and Boundary Conditions

7.2.2.1 Transonic Small Perturbation Equation

The TSP equation

K - (y - 1)_ ]_ + _z'z' = 0 (7.1)

approximates the exact equation for isentropic irrotational two-dimensional

flow about an aerofoil when:-

1)

2)

Perturbations from reference conditions are small.

Reference Mach number (M_) is close to unity.

The aerofoil is assumed to be thin [ratio of thickness to chord (8) _ 1] and at a

small angle of incidence (a).

In Equation (7.1):-

¥ = Ratio of specific heats

t The RAE TSP code was used extensively in the design of the Airbus wing

geometry.
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Scaled perturbation potential given by q)= x + 62/3M®9/3_

where ¢) = Velocity potential

x = Co-ordinate in reference direction, scaled

with respeet to aerofoil chord

z' = Stretched co-ordinate given by z' = (M®_8)_'3z

where z = Co-ordinate normal to reference direction,

sealed with respect to aerofoilchord

K = Similarityparameter

Ithas been shown112,113 that good agreement with solutionsof the FP

equationll4 can be obtained when the form of K istaken as

K _ m

1 -- M2® (7.2)

82/'3M r

where r = 1

The velocity components (u,w), sealed with respect to the reference

speed (U®), respectively parallel and normal to the reference direction are

given byll3:-

u = 1 + 8/M® x

w =8_,,

7.2.2.2 Aerofoil Boundary Conditions

The exact tangency flow condition

approximated by112:-

at the aerofoil surface may be
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Q

Sz' - f'- - (7.3)
8

where

f' = slope of aerofoil surface relative to chord line, divided by 8.

7.2.2.3 Kutta Condition

A solution for qb will, for a lifting aerofoil, contain a discontinuity

along a slit taken to be running from the trailing edge (assumed to lie on the x

axis) along z = 0 to x = +oo. The Kutta condition implies finite velocities at the

trailing edge (and of course elsewhere) and in the absenee of viscous wake

velocities can be assumed to be continuous across z- 0. Hence, the Kutta

condition may be taken as:-

_x(z = +0) = dpx(z= -0) on the discontinuity

7.2.2.4 Far-Field Boundary Conditions

The boundary condition on @ at infinity depends upon the lift

generated by the aerofoil (or the circulation around the aerofoil) and therefore

is not known in advance. However, the far-field boundary condition may be

written by112:-

x = +oo, z'<0 qb = 0

z' = _00 _ = P/4

x = _oo dp = P/2

z' = +oo d_ = 3P/4

x = +oo, z'>O qb = P

The normalised circulation (P) is determined as part of the solution to

Equation (7.1) and is given byll2:-

P= Adp(x= +oo)
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Applying the Kutta condition gives:-

p = A_ at the trailing edge

7.2.3 Outline of Numerical Method

The RAE method for the numerical solution of the TSP equation

involves three major steps. The first step is to transform the co-ordinate

system so that the infinite flowfield (x,z')becomes a finite flowfleld (X, Z). A

uniform rectangular finite-difference mesh is specified for the computing

plane which enables the far-field boundary conditions to be easily specified

and applied.

The second step is to introduce finite-difference approximations so

that an algebraic, rather than a differential, equation isto be satisfied at each

mesh point in the computing plane. The derivatives in the 7,direction are

replaced by central-difference approximations and the derivatives in the X

direction by central-difference approximations when the flow is subsonic

(elliptic equation) and backward-difference approximations when the flow is

supersonic (hyperbolic equation).

The final step is the solution of the set of algebraic equations by

successive over-relaxation on lines of constant X, starting at X---I and

sweeping through computing plane regions 1,2,3 and 4 to X= +I (the

computing plane regions of the RAE TSP code are defined on Figure 7.1a).

Values of d_ not on the current line of constant X are needed for the

finite-difference approximation and when values for the current sweep are

unknown values from the previous sweep are used. Relaxation is applied after

the values of dp along a line of constant X have been calculated. The

convergence rate of the over-relaxation process is improved by adding an

increment to dp, at the end of each sweep, for all interior points of the

computing plane. The amount added is proportional to the change in the value

of _ at infinity.
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The whole process is first followed on a coarse mesh of 41 points in

the X direction and 21 points in the Z direction, starting with conditions of

undisturbed flow. Then the mesh is refined to 81 x 41 points and the solution

of the coarse mesh computation is used as a first approximation to _ for the

fine mesh computation. A few hundred fine mesh iterations are normally

needed to reach a converged solution.

_.2.4 Transformation to Finite Computing Plane

As already stated the RAE numerical method involves transforming

the infiniteplane (x,z')into a finitesquare plane (X,Z) and the superpositionof

a uniform rectangular computing mesh on the transformed plane.

The X transformation is defined by:-

Term

( )[ I= _ e dt
X(x ) 1 - A 1 A2xe + 1 - e v_'n _o

+ --tan -1 A 6 x+A 7
12

(B) (7.4)

where A1, A2, A3, A4, As, A6 and A 7 are transformation parameters chosen to give

the required distribution of points in the infinite plane (x, z'). The form of

Equation (7.4) is such that as x--> Jr_,X-_ Jr 1 and OX/ox _ 0for Ix{ < _.

The Z transformation is defined by:-

(z,)2 (7.5)
-- tanZ (z') r_

Equal intervals in Z give rise to intervals in z' which increase

monotonically with ]z_. The form of Equation (7.5) is such that as z'-, _+%

Z --* + 1 and aZ/az' _ o for [z'[ < oo.

Equations (7.4) and (7.5) define the RAE computing plane with

-I_X_ land-I <Z<-I, as shown on Figure 7.1.
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7.2.5 RAE TSP Case

The memory requirements of the RAE TSP code exeeeded the

maximum memory available to a user of the TSWT eomputer (then a DEC PDP

11/34). Therefore to run the RAE TSP code on the TSWT eomputer the

teehnique of overlayingt was used, whieh necessitated extensive alterations in

the layout of the code.

Comparisons of RAE TSP code results obtained at RAE on a CDC 6600

eomputer with those obtained at Southampton were made for a single test

ease (RAE test ease:- RAE 2822 seetion ; M_ = 0.725 ; a = 2.620). The ehange

of computer hardware resulted in discrepancies in shock position and pressures

at the foot of the shock, as illustrated by the results shown on Figure 7.2. The

reasons for the discrepancies are at present unknown. However, as RAE have

observed similar discrepancies between results obtained on a 64 bit and a 32

bit machine, the diserepaneies shown on Figure 7.2 may be the inevitable

result of using a 16 bit maehine (TSWT computer) as opposed to a 64 bit

machine (CDC 6600 computer at RAE). Empioying double precision in the

TSWT eomputations may reduce the diserepaneies, but as memory

requirements and run-times would be dramatically inereased this option has

not been pursued.

The similarity parameter (K) defined by Equation (7.2) (see Section

7.2.2.1) depends on the magnitude of the exponent (r) of M® in the

denominator. Albone et ai.112 have shown that small variationsof r from the

chosen value of unity have an appreciable effeet on the solutionin the vieinity

of any shoeks. Attempts to mateh the RAE TSP code results obtained at

Southampton with those obtained at RAE by small variations in the value of r

have suggested that a value of 0.96 may be more suitableat Southampton than

the RAE chosen value of unity,as illustratedon Figure 7.3. Hence during all

subsequent TSP computations at Southampton the value of r was taken to be

0.96.

t The technique of overlaying involves storing only a small portion of the

code in memory at any one time during execution. The rest of the code is

stored on disc and exeeution requiresa continuous exchange of information

between memory and disc which considerably reduces memory
requirements but increases run-time.
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Despite these early difficulties it was decided that adaptation of the

RAE TSP code to the needs of the TSWT should proceed. Encouragement was

gained from the fact that a converged solution was obtained for the RAE test

case within a computational time of one hour, which was a vast improvement

on the time marching code.*

7.3 Adaptation of RAE TSP Code to TSWT Applications

7.3.1 Application

The underlying theory of the RAE TSP code assumes that the flow is

isentropic and irrotational, therefore any shocks should be weak. Also, the

perturbations of the flow should be small and the refere'nce Mach number

should be close to unity. However, it has been shownll2, I13 that RAE TSP

code solutions for several aerofoil sections (6 - 012) compare favourably with

those obtained by other computational methods, even when the perturbations

were far from small and the reference Mach number was as low as 0.6. TSWT

application of the code would provide a less severe test, as typical wall

contours would be 'represented' in the code by aerofoils of small thickness to

chord ratios (8 -<0.02). Hence, the RAE TSP code appeared to be more than

adequate for the next proposed extension of TSWT operation where mixed

flows with weak shocks intrude into the imaginary flowfields. The only

limitations of the code (in relation to its application to the TSWT) were that in

its present form it was confined to reference Mach numbers below unity and

that computing run-times were relatively long. As it was intended to apply

the code independently to each imaginary flowfield computing run-times of up

to two hours per streamlining iteration were anticipated. Thus, adaptation of

the RAE TSP code to the needs of the TSWT initiallyconcentrated on reducing

computing run-times. The resulting code isreferred to as the TSWT TSP code.

t Section 7.1.1 discusses the time marching code.
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7.3.2 Computing Plane Mesh

7.3.2.I Mesh Regions

The RAE numerical method divides the computing plane into four

regions, as shown on Figure 7.1a. However, for TSWT applications the aerofoil

representing the wall contour is taken to be symmetrical and at zero

incidence, hence without circulation. Therefore, the computing plane of the

TSWT TSP code may be reduced to three regions with -1 <- X <- 1 and 0 _ Z _ l,

as shown on Figure 7.1b. The subsequent reduction of computing mesh points

(from 81 x41 to 81 x21 for the fine mesh) removed the need for the

overlaying technique as memory requirements were reduced to approximately

15K words. Implementation of the new computing plane and other minor

alterations reduced TSWT TSP code computing run-times (on a DEC PDP

11/34) from 10 seconds to 4 seconds per fine mesh iteration.

7.3.2.2 Mesh Concentration

The X transformation of the RAE TSP code is defined by Equation

(7.4)(see Section 7.2.4). Term (A) produces a fairlyuniform distributionof

mesh points over the aerofoilchord in the x,z'plane together with a moderate

fall off in the density of points in the near-field beyond the leading and

trailingedges and a rapid fall-offin the far-field.Term (B) produces a high

density of points near the leading edge where the gradients are greatest. The

transformation parameters of Equation (7.4)chosen by RAE are:-

A 1 - 0.225 A 2 = 1.4 A3 = 1.6 A4 = 0.75

A 5 - 2.0 A 6 = 30.0 A7 = 0.603

For TSWT applicationsthe accuracy in the prediction of shock location

isof paramount importance,99,65 whilst for typical wall contours the leading

edge gradients are relativelysmall. Thus, the TSWT TSP code only employs

Term (A) of Equation (7.4) in order to produce a near uniform mesh

concentration in the x directionover the wall contour, thereby increasing the

fine mesh concentration in the vicinityof the expected shock location from 40

to 49 points per wall chord. The wall chord is taken to be the chord of the

aerofoilrepresenting the wall contour in the TSP computations.
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It should be noted that the wall chord will be approximately ten times

greater than the chord of the model being tested. Thus a small error in shock

location relative to chord in the TSP computation may become significant

when compared to the actual shook of the model. This fact coupled with the

fact that a shock in the TSP computation may be smeared over two or more

mesh points led to the development of a new computing mesh.90 The new

mesh produces a variable mesh concentration in the x direction over the wall

contour, but with a fine mesh concentration in the region of the expected

shock location of 65 points per wall chord. The X transformation parameters

of the new mesh are:-

A1 = 0.225 A2 = 1.69 A 3 = 2.1 A4 = 0.75

A5 = 25

A natural cubic spline t code has been developed to interpolate the

TSNT TSP code results at fine mesh points to convenient reference stations

along the wall contour (i.e. jack positions).

7.3.3 Boundary Conditions

The condition of zero circulation of the TSWT TSP code removes the

need to satisfy the Kutta condition and reduces the far-field boundary

conditions to:-

x =+oo _=0

z'=+® ¢=0

Furthermore, the RAE procedure of adding an increment to ¢ at the

end of each computational sweep in order to increase convergence (as

discussed in Section 7.2.3) becomes redundant, as the new boundary conditions

specify that the amount added to _ should be zero.

t For a natural cubic spline the end conditions are specified by zero slope,
which for normal TSWT applications is a valid approximation.
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?.4 Initial Validation of TSWT TSP Code

?.4.I TSWT Test Case

Development, refinement and initialvalidation115 of the TSWT TSP

code used existing data from an earlier run (Run 184)65 of the TSWT at an

appropriately high reference Math number. At Run 184 conditions (0012-64

section (h/c = 1.5) at M® = 0.8862 ; a - 4.0°) the supercriticalflow regions

generated by the model had reached both flexible walls, but the WAS 1

strategy had declared the walls to be 'nearly'streamlined (ET- 0.0126;

EB = 0.0149). This was believed to be reasonable since there was fair

agreement of model pressure distributionwith reference data.99,65 However,

due to the limitationsof the WAS 1 strateg_ (as discussed in Section 6.1)exact

agreement between the experimental data (Run 184) and the resultsobtained

from the TSWT TSP code was not anticipated. In particular,the code was not

expected to predict the rise in Math number just downstream of the shock

exhibited by the top wall of Run 184, as shown on Figure 7.4. The rise was

probably due to choking of the flow between the thickening model wake and

the wall boundary layer. Initialvalidationwas largelyconfined to the top wall

as thiswas a more criticalcase than the bottom wall.

T.4.2 Relaxation Parameters

The rate of convergence to an acceptable solution is accelerated by

adopting the standard numerical technique of successive line over-relaxation.

The value of the relaxation parameter is varied according to whether the

governing equation is hyperbolic or ellipticand whether coarse or fine mesh

computations are being performed. During initialvalidation tests the

relaxation parameters suggested by RAE112 resulted in non-convergence.

This problem was rectifiedby adjustingthe relaxation parameters untilvalues

resulting in rapid convergence were obtained. These new relaxation

parameters proved to be adequate for all subsequent TSWT TSP code

computations.
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Elliptic points (Coarse mesh)

Elliptic points (Fine mesh)

Hyperbolic points

Relaxation Parameters

, RAETSPCode TSWTTSPCode

1.5 1.5

1.5-1.7 1.3

0.9-1.0 0.7

Converged TSP solutions for the imaginary flowfields over the wall

contours of Run 184 have been obtained for reference Mach numbers up to

0.95.115 These TSWT TSP code computations have suggested a strong Mach

number/iteration relationship.

7.4.3 ConverKence Parameter

TSP computations are judged to be converged when the maximum

change in _bat a computing point between consecutive iterations is considered

suitably small; the value is known as the convergence parameter. During

initial validation tests it became apparent that the convergence parameter

suggested by RAEII2 was unnecessarily strict for TSWT applications. Hence,

during all subsequent TSWT TSP code computations the convergence

parameter was taken to be the value that for the TSWT test case (Run 184)

produced results that were no more than +_0.1% different from results

produced using the convergence parameter suggested by RAE. The new

convergence parameter had the effect of reducing the number of fine mesh

iterations by more than two thirds, thereby significantly reducing computing

run-times.
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Coarse mesh

Fine mesh

Convergence Parameter

RAE TSP Code TSWT TSP Code

0.00025 0.0005

0.00005 0.0001

7.4.4 Wall Representation

Wall contours are represented in the TSWT TSP code by symmetrical

aerofoils at zero ineidenee. However, typical wall contours exhibit positive

wall displacement at jack 20, as illustrated by the top wall contour shown on

Figure 7.5. Hence, there is a need for a tclomref scheme in order to represent

the wall contour as an aerofoil.

It has been shownll5,90 that wall contours may be adequately

represented in the TSWT TSP code by several different schemes. The

geometries of several wall representations (Schemes 1-5) which have been

investigated are illustrated on Figure 7.5. As mesh concentration in the x

direction decreases with an increase in wall chord it was decided to employ

Scheme 5 in all TSWT TSP code computations. The scheme produces a fine

mesh concentration in the region of the expected shock location of a mesh

point every 1.72era (0.68 inches).

The similarity parameter (K) defined in Equation (7.2) (see Section

7.2.2.1) depends, to some extent, on the magnitude of the thickness to chord

ratio (8).

For TSWT applications8 isgiven by:-

Wall chord
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where

Yrnax = Maximum positive wall displacement*

:Ymin -- Maximum negative wall displacement

Wall chord = 1.12m (44 inches)

(Scheme 5)

Although variations in the value of K have an effect on the solution (as

discussed in Section 7.2.5), for TSWT applications it has been found that

solutions are relatively insensitive to variations in the value of 6 Therefore,

the approximation of Equation (7.6) appears to be more than adequate for

TSWT applications.

7.4.5 Validation Results

The TSWT test ease did not allow confident validation of the TSWT

TSP code, but itdid enable valuable development and refinement of the code

whilst confirming itspotential for TSWT applications. The final structure of

the code isillustratedby the flow diagram on Figure 7.6.

As anticipated and shown on Figure 7.4 agreement of the experimental

data (Run 184) with the results obtained from the TSWT TSP code can only be

described as fair. Encouragement, however, was gained from the following:-

1) Solutions obtained using several wall representation schemes did not

differ appreciably, especially in the vicinity of the predicted shock

position.

2) Consistent prediction of shock location downstream of the experimental

position reinforces the view that the flexible walls of Run 184 are not

fully streamlined.

t Wall displacements are referenced to the appropriate aerodynamically
straightcontour.
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3)

4)

Reasonable agreement with results obtained by the time marching code.t

The iterative nature of the streamlining process demands that the

run-times of the imaginary flowfield computations should be short.

Current TSWT TSP code run-times of 3-6 minutes per flowfield for the

present test section and computer (DEC PDP 11/84) are more than

adequate for practical development testing.

?.5 TSP Comparisons with Other Computational Methods

7.5.1 10% Circular Arc Aerofoil

A 10% circular arc aerofoil at zero incidence represents a relatively

severe test case for the TSWT TSP code, as the ratio of thickness to chord is

usually around 1% for TSWT applications. However, results obtained from a

New York University (NYU) codett which solves the full potential equation

114 and those obtained from the TSWT TSP code for a 10% circular arc, show

good agreement. As shown on Figure 7.7 the agreement is excellent when the

flow is wholly subsonic, even when the reference Mach number is as low as

0.25. At the supercritical test condition (M® = 0.84) there are discrepancies in

the pressures at the regions lust upstream and downstream of the shock, but

there is excellent agreement in shock position. The results of this comparison

gave confidence in the use of the TSWT TSP code to compute the imaginary

flowfields of the TSWT over a wide range of reference conditions.

_.5.2 TSWT Wall Conditions

Further verification of the TSWT TSP code has included checks on the

velocity distributions predicted by the code over the outside of actual TSWT

wall contours against those derived by other computational methods. The

nature of the latter methods limited the checks to conditions where the

imaginary flowfields were wholly subsonic. The computational methods

t Section 7.1.1 discusses the time marching code.

tt The NYU code was developed by Garabedian and Korn. The NYU results
presented in this thesis were produced by J.B. Adcock at NASA Langley
Research Center.
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available to the TSWT,apart from the TSWTTSPcode_may be summarisedas
follows:-

1) IMAG 1

Imaginary flowfield computations embodied in the WAS 1 strategy (see

Section 6.1 and Appendix A for details).

2) IMAG 2

Imaginary flowfield computations according to Equation B.2 (see Section

6.2 and Appendix B for details).

3) IMAG 3

A streamline curvature code, locally written in order to provide a source

of inviscid compressible flow solutions for internal and external

two-dimensional flowfields. The eode's predictions for external flowfields

of the imaginary type had been extensively checked against well

established codes, such as the NYU code and the General Electric

Streamline Curvature code used at NASA Langley Research Center.116

4) IMAG 4

A source-sink code, where the wall contours are represented by the

appropriate source-sink distributions in a uniform flowfield. The code had

been verified against exact two-dimensional potential flow

streamlines. 7,11,117

The TSWT TSP code checks employing the above computational

methods were extensive, however the results of only three typical conditions

are presented in this thesis. The three wall contours are those around the

NACA 0012-64 model tested at the following conditions.-
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Condition it - M®= 0.6025 ; a--- 6.0 °

(Figure 7.8a) Wall contours predicted by the WAS 1 strategy

after running with straight walls.

Condition 2 - Moo= 0.6998 ;a _-6.0°

(Figure 7.8b) Walls streamlined according to the WAS 1

strategy.

Condition3 - Moo= 0.7981;a-6.0 °

(Figure 7.8c) Wall streamlined according to the WAS 1

strategy.

In general, there is poor agreement between [MAG 1 results and those

derived by the other computational methods, as shown on Figures 7.8a-7.8c.

The magnitude of the discrepancies, which increase with reference Mach

number and are particularly large on the bottom wall, indicate that the

imaginary flowfield computations embodied in the WAS 1 strategy are

unreliable. Since the change of wall shapes and the judgement of whether

they are streamlined depends on such computations, the streamlining

performance of the WAS 1 strategy must be in doubt (this point is discussed in

greater detail in Section 10.6.1).

However, there is good agreement between the external Mach number

distributions predicted by all the other computational methods, as shown on

Figures 7.8a-7.8c. As expected, there are small discrepancies in the vicinity

of peak Mach number on the top wall, particularly as the peak Math number

approaches unity. At all other stations along each wall contour the agreement

isexcellent.

The results of this work not only gave further confidence in the

predictions of the TSWT TSP code, but also led to the conclusion that external

velocity distributions computed by the IMAG 2 method are also reliable.

t IMAG 4 results are only presented for Condition 1.
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7.6 Concluding Remarks

Validation tests have led to the conclusion that the imaginary velocity

distributions computed by the TSWT TSP code are reliable not only at

conditions where mixed flow intrudes into the imaginary flowfields, but also at

conditions where the reference Mach number is as low as 0.4.

The only significant disadvantage associated with the TSWT TSP code

when compared with other subsonic computational methods is run-time, but

current run-times (of 3-6 minutes on the TSWT computer) are more than

adequate for practical testing. However, modern production wind tunnel

facilities usually employ computers of greater computational power than that

available to the TSWT. For example, tests have indicated that the Modeomp

computers of the 0.3-m Transonic Cryogenic Tunnel60 at NASA Langley

Research Center are about five times faster than the TSWT computer. Thus

run-times of approximately 1 minute are expected for the present version of

the TSWT TSP code on machines of similar performance to the Modeomp

computer.
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8. STREAMLINING THE WALLS OF AN EMPTY TEST SECTION

8.1 Aerodynamically Straight Contours

The iterative process of contouring the flexible walls towards

streamlines depends on the magnitude of the flow disturbances caused by the

model within the test section, and also on computations of the imaginary

flowfields extending from the flexible walls out to infinity. Both depend on

the displacement of the walls from straight. Therefore a prerequisite for

streamlining the walls around a model is the determination of straight

contours, at first sight a contradiction in terms which requires explanation.

The aim of straight wall contours is to diverge the two flexible walls from

geometrically straight, in order to absorb the growth of the displacement

thickness of the boundary layers on all four walls of the empty test section.

The diverging contours result in a constant indicated Mach number along the

centrelines of the flexible walls of the empty test section, equal to the

reference Mach number. Wall contours derived in this way are described as

'aerodynamically straight'.

The aerodynamically straight contours are functions of Reynolds

number and Mach number. In the TSWT the two vary together because of the

atmospheric stagnation conditions. Hence, the variation of aerodynamically

straight wall contours is, in principle, a continuous function of reference Mach

number. However, it has been found15,118,119 that variations of straight

contours are a rather weak function of reference Maeh number and it is

adequate to determine only a few sets of aerodynamically straight contours

and to designate each set to a band of reference Maeh number. The

determination of aerodynamically straight contours in wind tunnels which have

the provision for variable stagnation conditions would be a more complex

procedure.t When streamlining the flexible walls around a model it has

¢ Calibration of the recently installed flexible walled test section of the
NASA Langley 0.3-m Transonic Cryogenic Tunnel60 has suggested that it

is probably adequate to assume that the variation of aerodynmieally
straight contours is a function of reference Mach number only, despite the
variable stagnation conditions.
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become practice that wall displacements be referenced to the appropriate

aerodynamically straight wall contours.

8.2 A Measure of the Quality of Aerodynamically Straight Streamlininff.

Inevitably, following the best efforts to establish contours which give

nominally constant Math number there will exist some experimental scatter.

This can arise from a variety of sources such as the variation of reference

Math number during a tunnel run, backlash in the jack mechanism, the finite

minimum increment in wall position provided by the jack, and the pressure

transducer and A-D convertor which are measuring the wall pressures at the

jacks. The sum of the effects of these errors gives an apparent scatter in wall

Math number.

In addition, there can be systematic errors such as would arise from

errors in transducer calibrations and leaks or imperfections in the mechanical

construction of the wall pressure tappings. Errors in indicated wall Math

number which arise from these sources tend to be masked by the action of

wall streamlining; the jacks drive the walls to an incorrect position and fully

compensate for the error (within the experimental limits discussed in the

previous paragraph). Evidence of the existence of errors of this kind appears

in the resulting wall contours which display an unexpected waviness. As the

effect is systematic and present also when a model is under test it is felt that

the consequences, in terms of the aerodynamic behaviour of the model, will be

small provided that the waviness of the wall contour is small in relation to the

total depth of the test section.

The quality of aerodynamically straight streamlining of one flexible

wall is summarised by the standard deviation of the Math number errors

measured on the centreline of the wall at the first eighteen jack positions.

The standard deviations of both walls may be weighted by the reference Math

number, and the quality of streamlining of a pair of walls is then summarised

by the average weighted standard deviation (Oar) given by:-

o T + o B
o =

av 2 M®
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where OT, OB are respectively the top and bottom wall standard deviations in

measured Mach number from the reference value (M®).

8.3 Experimental Procedure

As a starting point the top and bottom flexible walls were manually

adjusted to geometrically straight contours, parallel to each other and to the

test section backbones. When run in this condition the Maeh number

distribution along the centrelines of the flexible walls are, of course,

non-uniform. The magnitude of the effect is illustratedby the following

example. At a reference Mach number of 0.63 the measured Mach number on

the wall centreline at the downstream end of the test section rose to justover

0.7.

Aerodynamically straight contours were derived by adjusting the

flexiblewalls according to an old strategy7 (now referred to as the Imbalance

strategy). This strategy uses the simple rule that in subsonic flow the Math

number at a point on the wall willbe reduced by moving the wall locallyaway

from the test section centreline,and vice-versa. The movement of a jack is

made proportional to the difference between the local (wall centreline) and

the reference Mach number. Wall adjustments were continued until the

standard deviation values of the two walls were small and approximately

equal. Employment of thisstrategy on geometrically straightwalls resulted in

satisfactory contours being achieved after not more than 10 aerodynamically

straight streamlining iterations.t Once the firstset of constant Math number

contours was found the number of iterationsrequired to produce the next set

at another reference Math number was significantly reduced if the

streamlining cycle was initiatedfrom the previous aerodynamically straight

contours (as opposed to the geometrically straightcontours). The relationship

between the wall increment (By) and the desired change of local wall Mach

number (6M) which was used varied from:-

t One aerodynamically straight streamlining iteration comprises of

measuring the local Math numbers at alljack positons on both walls,then

moving alljacks in response to the localerrors.
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6y/6M = 2.0 - 0.25era (0.8 - 0.I inches)

The value was reduced with Mach number error in an attempt to reduce the

number of streamlining iterations required to produce satisfactory contours.

However, if one value of 8y/SM is used then 1.0cm (0.4 inches) is recommended

for the TSWT.

8.4 Aerodynamically Strai|_ht Results

The scope and quality of aerodynamically straight contours obtained

using the original and the recently installed new flexible walls is summarised

in Table 3, whilst the Math number distributions along the centrelines of the

flexible walls for each of the contours is shown on Figures 8.1 and 8.2. Wall

displacements relative to geometrically straight of a typical aerodynamically

straight contour (Contour D) are illustrated on Figure 8.3.

The highest reference Mach number at which aerodynamically straight

contours were determined was 0.95, using the original flexible walls. The

sensitivity of Mach number to flow area, coupled with the consequences of the

poor condition of the original walls and the inherent weaknesses of the

jack/wall flexure design (as discussed in Section 5.6.2), prevented streamlining

at higher reference Mach numbers. A temporary reduction in the pressure of

the dried air supply (from 300 to 150 p.s.i.)limited the determination of

aerodynamically straight contours with the new walls to a reference Mach

number of 0.8.

Inspection of the results presented in Table 3 reveals that the quality of

aerodynamically straight contours obtained in the TSWT was significantly

improved by the installation of the new flexible walls. It is possible that the

new walls with their improved jack/wall link mechanism (see Section 5.6.2 for

details) may allow satisfactory aerodynamically straight contours to be

derived at speeds higher than Mach 0.95. However, as the variations of the

contours are a rather weak function of Mach number (the function becoming

increasingly weaker as Mach 1.0 is approached), it is anticipated that the new

flexible walls will allow the determination of aerodynamically straight

contours adequate for model tests up to a reference Mach number of unity.

Tests aimed at defining such contours will commence once the pressure of the
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dried air supply has been returned to its original level (300 p.s.i.).

Furthermore, the jack/wall link mechanism now in use should significantly

inerease the operational life of the flexible walls in terms of the rate of

deterioration of the standard deviation in wall Maeh number.

The consequence of using one of the contours at a referenee Maeh

number outside its designated band of validity is not serious, since the

contours are such a weak function of reference Math number. For example,

Contour A (derived for Math 0.3) when run at Math 0.7 showed an average

weighted standard deviation value of 0.0048, whieh eompares quite well with

the value of 0.0037 obtained with Contour E (derived for Maeh 0.7).

As already stated, the wall divergenee exhibited by aerodynamieally

straight eontours absorbs the growth of displacement thickness of the

boundary layer on all four walls of the empty test seetion. This is

demonstrated on Figure 8.4, where discrepancies between total wall

movement from geometrieally straight and predieted values are small; the

predicted values being four times the caleulated growth of the boundary layer

displacement thickness for one wall. The non-linear movement of the walls,

as shown on Figures 8.3 and 8.4, can probably be attributed to wall

imperfections (as discussed in Section 8.2).

The boundary layer displacement thickness was computed by the

following two methods.

1) A numerical solution of the Yon Karman momentum integral equation for

a turbulent boundary layer (TSNT BL code).7

2) The RAE lag-entrainment method for the predietion of turbulent

boundary layers in compressible flow (RAE BL code)3

As expected, similar boundary layer displacement thickness distributions were

computed by either method for this simple ease.

t See Section 9.4 for further details on the RAE lag-entrainment method.
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8.5 Some Cautionary Notes

8.5.1 Off-Centre Performance of Aerodynamically Straight Contours

The original and new flexible walls both exhibit higher standard

deviations in wall Mach number along off-centre pressure tappings rows than

along the centreline (see Table 4).t The most likely reason is waviness in the

flexible walls and, therefore, a monitoring device (designed to be bolted onto

the side of the test section in place of the usual sidewall) to show defects in

wail shape is presently being manufactured. When completed, investigations

will commence aimed at identifying the reasons for the large variations in

wall Mach number across the width of the test section.

8.5.2 Aerodynamically Straight Contours with Centreline Curvature

It is possible to derive aerodynamically straight contours that fulfil

the standard deviation criteria but do not diverge symmetrically from

geometrically straight. Figure 8.3 shows a wall contour derived by Nealtt

that produces Mach number standard deviation values for the top and bottom

walls of 0.0016 and 0.0012 respectively at a reference Mach number of 0.6,

despite top wall displacements between lacks 2 and 9 being negative (that is,

towards the tunnel centreline) with respect to geometrically straight.

Although this contour does absorb the test section boundary layer

displacement thickness, itshould not be used as aerodynamically straight since

the test section centreline is curved. The data on Figure 8.3 suggests a

curvature of about 2.54mm (0.I inches) over a 50.80cm (20 inches) length of

test section. Approximating this to an arc it is easy to show that the

curvature of the test section centreline will induce a camber angle of just

over 0.1° over the chord of a typical aerofoil model. Therefore, when

determining aerodynamically straight contours it is recommended that wall

displacements be carefully monitored to minimise this effect, otherwise there

could be questions on the validity of later claims for the quality of

it should be noted that the positions of the off-centre pressure tapping

rows of the original and new flexible wails are different - see Section

5.6.2 for relative positions of pressure tapping rows.

tt Neal - Research Assistant, Department of Aeronautics and Astronautics,

University of Southampton, England. (NASA Grant NSG 7172).
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streamlining around a model because of uncertainty In the effects of induced

camber and on angle of incidence. Such monitoring also serves to identify

other faults such as leaking pressure tubes etc. (as discussed in Section 8.9).
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9. PREDICTION OF BOUNDARY LAYER GROWTH

ALONG THE FLEXIBLE WALLS

9.1 Effective Aerodynamic Wall Contour

The top and bottom wall contours felt by the flow around a

two-dimensional model are the physical wall contours modified by the

displacement thickness of the wall boundary layers (8*). By setting the

flexible walls to aerodynamically straight contours an allowance is

automatically made for the development of 8* through the empty test section.

It has become practice, therefore, that the geometrical wall contour is given

by wall displacements referenced to the appropriate aerodynamically straight

contour (as discussed in Section 8.1). However, in the presence of a model the

flexiblewalls and sidewalls are subject to very different pressure fields,and

consequently, there are pressure-induced changes in 8* (AS*) on allfour walls

of the testsection. The sidewallsexperience the strongest pressure gradients

and, therefore, the largest local changes in boundary layer thickness and

perhaps even separations. In the TSWT, however, no attempt is made to

eliminate or reduce any interference effects due to the changes in 8* on the

sidewalls,t Thus, in the general case with a contoured wall and a model

present, the AS* distributionsof only the top and bottom walls are used as

corrections to the geometrical wall contour, giving an effective aerodynamic

wall contour. This contour forms the boundary of the imaginary flowfields and

isthe contour which must ultimately become a streamline.

Past experience has shown that for the sizes of models normally used

in this tunnel and for reference speeds below about Mach 0.85 the changes in

8" due to the pressure field of the model are small and that an allowance for

the changes need not be made. Thus, in routine two-dimensional testing

14,16,17,90 the effective aerodynamic contour may be taken as the physical

wall contour referenced to the appropriate aerodynamically straight contour.

Previous investigations99,65, however, have indicated that at conditions which

result in a shock extending to a flexible wall, it is probably necessary to

t The probable consequences of ignoring the sidewall boundary layer effects
are discussed inSection 11.4.2.1.
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account for the growth in 8* associated with the shock-boundary layer

interaction.

9.2 Shock-Boundary Layer Interaction

The fluid in the inner part of the boundary layer, adjacent to the wall,

has subsonic velocity and is unable to undergo the discontinuous change in

pressure associated with a shock. Hence, when a shock impinges on a wall the

boundary layer adjusts itself so that the pressure rise at the wall is continuous.

One feature of the adjustment is the thickening of the boundary layer just

downstream of the shock-wall impingement position. The shock-boundary

layer interaction is usually a localised phenomenon, depending only on the

properties of the initial boundary layer and of the local flowfield. If the

overall pressure rise associated with the shock system is not too large (as is

the case with systems experienced so far at the flexible walls of the

TSWT99,65) the wall boundary layer is able to negotiate the interaction

without separating. The streamwise extent of the interaction region is then

typically two or three times the thickness of the undisturbed boundary

layer.120 Consequently, for small overall pressure rises, the shock pattern

outside the boundary layer differs only very slightly from that which would

occur in an inviscid flowfield. Thus, it was anticipated that shock-boundary

layer interaction would pose no major practical problems when streamlining

the flexible walls. However, under such conditions it was envisaged that it

would probably be necessary for the effective aerodynamic contour to account

for the changes in 8" induced by the large pressure gradients associated with

the shock-boundary layer interaction.

9.3 Past Investigations

Past investigations99,65 have indicated that when a model shock

impinges on a flexible wall it is probably necessary to account for the

thickening of the wall boundary layer associated with the shock-boundary

layer interaction. Run 184 data formed the basis of these investigations. At

Run 184 conditions (0012-64 section (h/c - 1.5) at M® = 0.8862 ; a - 4.0 °) the

WAS 1 strategy (which assumes that the changes in 8* are negligible) had

declared the flexible walls to be tnearly _ streamlined (E T = 0.0126;
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EB = 0.0149), despite the existence of supercrttical flow at both flexible walls.

This was believed to be reasonable since there was fair agreement of model

pressure distribution with the reference data.t The agreement was improved

when a localised hollow was introduced into the top wall contour (Run 223).

The hollow (wall movement away from the tunnel centreline) was intended to

accommodate the wall boundary layer growth due to the shock-boundary layer

interaction. However, the streamwlse position and shape of the hollow did not

correspond to the 46* distributiontt predicted by the existing boundary layer

method (TSWT BL code)7, as illustrated on Figure 9.1. In fact the TSWT RL

code, which solves the Von Karman momentum integral equation for a

turbulent boundary, predicted negative 46" values at the streamwise position

of the hollow. Such values suggest that a bump (wall movement towards the

tunnel centreline) should have been introduced into the top wall contour at

this position. It was, therefore, also concluded that the TSWT BL code was

probably inadequate for the prediction of wall boundary layer development at

conditions which result in a shock impinging on a flexible wall. Thus, a

prerequisite of wall streamlining at such conditions was to find a boundary

layer method capable of coping with shock-boundary layer interactions.

9.4 Lag-Entrainment Method

The lag-entrainment method is an integral procedure, developed by

RAE Farnborough in 1973, for the prediction of turbulent boundary layers and

wakes in two-dimensional and axisymmetric, compressible adiabatic flows. It

is believed121 to be a significant improvement upon, and was developed as a

replacement for, the version122 of Head's entrainment method123 which had

been in use at RAE since 1967. The method takes account of longitudinal

surface curvature and of the influence of the upstream flow history on the

turbulent stresses. The computational procedure involves the integration of

the momentum equation, the entrainment equation and an equation for the

t See Section 11.4.1 for details of the reference data.

ttThe 48* values correspond to the changes in wall boundary layer thickness
induced by the pressure field due to the contoured wall and the presence of
the model.
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streamwise rate of change of entrainment coefficient. As the equations are

predominantly algebraic, computation is very rapid.

It was anticipated that the prediction of boundary layer development

along the flexible walls of the TSWT would be within the capabilities of the

lag-entrainment method, even at conditions resulting in relatively strong

shock-boundary layer interactions. Thus, it was envisaged that the

lag-entrainment method would be more appropriate to the needs of high speed

testing in the TSWT, than the existing boundary layer method (TSWT BL

code).7 Hence a code provided by RAE, which embodied the lag-entrainment

method, was installed into the TSWT computer and successfully validated

against test cases supplied by RAE. The code has been tailored to the needs

of the TSWT and analysis of both flexible walls by the present version (RAE

BL code) takes approximately 15 seconds on the TSWT computer (DEC PDP

11/84).

9.5 Txpieai Wall Boundary Layer Predictions

When the pressure gradients at the flexible walls are not excessive the

48* distributions calculated by the existing boundary layer method (TSWT BL

code) and lag-entrainment method (RAE BL code) are in reasonable

agreement, as illustrated by the Run 235 data presented on Figure 9.2. At

Run 235 conditions (M® = 0.8; a = 4.0 °) the pea k Mach number measured on

the top and bottom flexible walls was 0.93 and 0.83 respectively, and the WAS

2A strategy had declared the walls to be streamlined (i.e. E < 0.01 on both

walls). The calculated AS* distributions for the bottom wall are in excellent

agreement, whilst the top wall distributions exhibit small discrepancies

downstream of the peak wall Mach number. However, when the streamlining

strategy (WAS 2A) employed an effective aerodynamic contour which made

use of the 48* distributions (calculated by the RAE BL code) the effect on

model performance at Run 235 conditions was negligible, as demonstrated by

the excellent agreement of the model pressure distributions presented on

Figure 9.3. This reinforces the long held view that in routine two-dimensional

tests the effective aerodynamic contour may be taken as the physical wall

shape referenced to the appropriate aerodynamically straight contour.

Routine two-dimensional tests are defined as model tests at any set of

83



conditions up to those which result in the flow at both flexible walls just

remaining subsonic.

9.6 Run 184 Wall Boundary Layer Predictions

The top wall AS* distributions (due to the pressure field of the model)

predicted by the existing boundary layer method (TSWT BL code) and the

lag-entrainment method (RAE BL code) at Run 184 conditions (M®= 0.8862;

a- 4.0°) are shown on Figure 9.1. For stations upstream of the

shock-boundary layer interaction (which occurs near the position of maximum

AS*) the distributions predicted by both codes are in good agreement.

However, downstream and in the vicinity of the interaction significant

discrepancies become apparent because, as expected, the RAE BL code

predicted a greater recovery of the boundary layer thickness than the TSWT

BL code. For example, the TSWT BL code predicted a 8* increase of about

20% across the shock impinging on the top wall. The value predicted by the

RAE BL code was in the region of 50%, whilst an approximate method

proposed by Reshotko and Tucker124 predicted a value of about 40%. The

above-mentioned trends are also followed on the bottom wall at Run 184

conditions, as shown on Figure 9.4.

As already stated, the agreement of model pressure distribution with

the reference data at Run 184 conditions was improved when a crude provision

was made for the 8* growth due to the shock-boundary layer interaction.99,65

The crude provision consisted of introducing a localised hollow in the top wall

contour (Run 223). However, it has been shown that the use of the hollow was

not supported by the top wall AS* distribution predicted by the TSWT BL code.

This also applies to the AS* distribution predicted by the RAE BL code, as

illustrated on Figure 9.1. At the streamwise position of the hollow the RAE

BL code predicted approximately zero change in 8*, which suggests no need

for any additional wall movement at this locatioin. Thus, on the basis of past

investigations it may be supposed that the RAE BL code, as well as the TSWT

BL code, is inadequate for calculating the 8* growth due to shock-boundary

layer interaction. However, it is the opinion of the author that the

experimentally devised hollow not only accommodated the changes in 8* due

to the pressure field of the model, but also accounted for the limitations of

the WAS 1 strategy (as discussed in Section 6.1). The fact that the reference
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data may be unreliable at Run 184 conditions (as discussed later in

Section 11.4) further complicates the situation. Thus it is possible, as

originally anticipated, that the prediction of boundary layer development

along the flexible walls of the TSWT over a wide range of conditions is within

the capabilities of the RAE BL code. Further investigations (which do not

form part of this thesis) are required to verify the code at conditions which

result in shock-boundary layer interactions.

When the effective aerodynamic contour is adjusted to account for the

predicted AS* distributions at Run 184 conditions, the computed imaginary

wall Mach numbers in the region just upstream of the shock-boundary layer

interaction are raised, as illustrated on Figure 9.5. The imaginary Math

number distributions suggest that the thinning of 8* due to the general

pressure field prior to the shock-boundary layer interaction may well be more

significant than any thickening of 8* downstream of the interaction. Despite

the discrepancies between the AS* distributions predicted by the TSWT and

RAE BL codes there is reasonable agreement between the corresponding

imaginary wall Math number distributions. This leads to the tentative

conclusion that in the imaginary flowfield computations account must be

taken of the effects of wall pressure gradients on 8* when they are large, but

the differences of opinion on the detailed variation of 8* are relatively less

important.

9.? Concluding Remarks

The magnitude of 8" growth due to shock-boundary layer interaction

predicted by the RAE BL code was less than anticipated. The code, however,

was considered to be a significant improvement upon the existing boundary

layer methodT. Therefore, in all subsequent tests where the effective

aerodynamic contour attempted to account for the model-induced changes in

8* the RAE BL code was employed.
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10. EVALUATION OF WALL ADJUSTMENT STRATEGIES

10.1 Scope of Investigation

The evaluation of the wall adjustment strategies involved testing the

model through a range of reference Mach numbers from 0.4 to 0.8 at four

angles of incidence (nominally 0.5 °, 2.0 °, 4.0 ° and 6.0o). The investigation

utilised the new flexible walls and generated a body of TSWT data comprising

about one hundred and twenty streamlining cycles, which corresponds to

nearly five hundred tunnel runs. The model chord Reynolds number of the

tests, which varied with tunnel reference speed, was about 1.23 million at

Mach 0.7. The test procedure involved, whenever possible, streamlining the

wails according to all the wall adjustment strategies under evaluation (as

detailed in Section 6.4) at each test condition. The fstreamlined r data, except

that obtained when employing the NPL strategy, is summarised in Tables

5.1-5.5. However, post-test analysis of the data has concentrated on

determining the relative performances of the WAS 1, WAS 2 and NPL

strategies.

One step in the NPL strategy is the determination of constant pressure

wall contours (as discussed in Section 6.3). The maximum available jack

movement of 2.54 cm (1 inch) limited the test range at which constant

pressure contours could be obtained in the TSWT. However, the extent of the

achieved test range (shown indirectly in Table 8) was considered great enough

to provide an interesting and valid evaluation of the NPL strategy.

The severity of wall interference is a function of, amongst other

things, the proximity of the walls to the model which can be expressed, for

convenience, as a ratio of test section height to model chord. The ratio in the

20 x 8 NPL Tunnel was typically around 3.5, whereas in the TSWT it was 1.5,

rendering the present investigation a more severe test of the effectiveness of

the NPL strategy than the environment for which it was developed.
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10.2 Test Programme

The test programme was designed to reduce uncertainties that might

exist (due to different starting points of the streamlining process and

variations in model incidence) when making comparisons between the several

wall adjustment strategies, as opposed to minimising tunnel run-time. Thus,

whenever possible, the streamlining cycle of each test condition was initiated

from aerodynamically straight contours. When the test reference Math

number was greater than the aerodynamically straight ehoking value, the

streamlined wall contours of the previous streamling cycle were used as the

starting contours of the next cycle. Also, the model remained locked at one

specific angle of incidence while the walls were streamlined through the Math

number band according to the various wall adjustment strategies under

evaluation.

10.3 Effects of Moving from Straightt to Streamlined Walls

It is only possible to run with the walls set straight at subsonie and low

transonie speeds when the model is present. At high transonie speeds

(M= _> 0.7) the model ehokes the straight walled test section preventing any

changes in Maeh number upstream of the model. Nevertheless, fourteen runs

have been made with the walls set to aerodynamically straight contours, the

rstraight wall f data is summarised in Table 6.

The strong interference induced by straight walls can be inferred from

the residual interferences presented in Table 6, but is also well illustrated in

Table 7; a set of lift curve slopes for reference Mach numbers of 0.4, 0.5 and

0.6. Straight wall lift curve slopes are seen to be much greater than the

corresponding streamlined slopes, the latter group being in rough agreement

with each other. There is further information on straight wall interference in

Table 8, which contains wall loadings (measured in terms of E) associated with

straight walls and with walls streamlined according to the NPL strategies.

The values of E are seen to be much reduced by both of the NPL strategies,

t The word fstraight _ refers to aerodynamically straight (not geometrically
straight).
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but neither strategy is consistently as good as the WAS 1 and WAS 2

strategies, which generally bring E below 0.01 on both walls.

The strength of interference which is possible with straight walls is

best illustrated by the test condition of Moo = 0.7; a = 4.0 °. The effects on

model pressure distribution of streamlining the walls according to the NPL

strategies are shown on Figure 10.1. When the walls are set straight at this

condition (Moo = 0.7; a = 4.0 °) there is a strong shock on the model's upper

surface at about 55% chord. After streamlining alone (with no other change)

the recompression shook is positioned at about 2596 chord. This is associated

with a reduction in the value of boundary layer pressure (form) drag

coefficient which is another typical effect of streamlining at high Maoh

numbers. These effects of streamlining (by now very familiar to those

working with transonic flexible walled test sections) are also illustrated in the

corresponding sehlieren pictures on Figure 10.2, where in the lower picture the

walls have been streamlined according to the WAS 1 strategy but with

essentially the same effect on the model behaviour as the NPL strategies (as

confirmed on Figure 10.3).

The Maeh number distributions along the centrelines of the flexible

walls for aerodynamically straight and streamlined wall oases are shown on

Figure 10.4. The strong interference induced by straight walls modifies the

wall Maeh number distribution around the model and can cause the modePs

shocks to be misplaced and modified in strength (as already has been shown),

or can cause shocks to occur where they should not. In some severe eases this

can lead to complete choking of the straight walled test section, although in

the ease presented on Figure 10.4 (Moo= 0.7; a = 4.0 °) such conditions were not

quite reached. In this example, however, the channel over the upper surface

of the model was choked with straight walls, as the shock on the upper surface

of the model had reached the top wall giving a peak wall Math number of

approximately 1.05. Streamlining the walls (according to several strategies)

reduced the peak Maeh number on the top wall to around 0.8 for this test

condition.

Another effect of wall streamlining is evident in the wall Maoh

numbers existing in the region downstream of the model. As has been seen

from the earliestdays, during the streamlining process the walls automatically
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adapt to the blockage caused by the modelts wake. In the case of straight

walls the wall Math number downstream of the model asymptotes to a value

well above the reference value, as shown on Figure 10.4. This phenomenon

was one which in 1937 led NPL to the use of liners18 and then adaptive

flexible walls in transonic two-dimensional testing.4,20,5,21,22 When the

walls are streamlined the wall Math number downstream of the model isseen

to return essentiallyto the reference value,as must be the case in simulating

free flowfieldconditions.

10.4 Streamlined Wall Contours

The effects of compressibility and model lift on streamlined wall

contours (adopted by all the wall adjustment strategies) were to demand

increased wall movement apart in the region of the model. When the model

was generating lift the wall adjacent to the pressure surface (bottom wall)

moved towards the model and an imprint of the model appeared in the wall

shape, whilst the other wall (top wall) moved away from the model. Typical

streamlined wall contours are shown on Figure 10.5 (Moo -- 0.7; a = 4.0°); wall

displacements away from the test section centreline (with respect to

aerodynamically straight) are considered positive. The complex curvature of

the bottom wall demonstrates the need for close jack spacing in the vicinity of

the model to maintain adequate wall setting accuracy along the entire length

of the wall. Also noticeable on Figure 10.5 is the movement apart of the walls

downstream of model to eliminate wake blockage (contours derived by the

NPL strategy only partially alleviate wake blockage, but this point is discussed

later), the effect being illustrated more clearly on Figure 10.6. It should be

re-emphasised that the walls take up these streamlined contours quite

automatically in response to measurements made only at the flexible walls.

Despite the fact that the flexiblewalls are relativelylong, extending

to about five chords upstream and downstream of the model, in some test

cases the streamlined wall contours have noticeable slopes at the ends of the

test section. This is an indication of the circulation-induced disturbance

which led to the requirement of mounting the model symmetrically in the

streamlined portion of the test section (as discussed in Section 5.2.1 and

Reference 7).
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In general, the streamlined wall contours adopted by the WAS 2

strategy exhibit wall displacements of greater magnitude than those adopted

by the WAS 1 strategy, a good example (Moo = 0.7;a -- 4.0°) isthat shown on

Figure 10.5. The disparitiesbetween the contours may give the impression

that the different walls must give differentflow characteristicsat the model.

However, from the earliestdays50 ithas been evident that it ispossible for a

wall to attach itselfto, and then follow, any unloaded streamlining passing

over or under the model and not disturb the model. Thus different wall

contours can represent differentbut equally valid streamlines for a given test

condition. The flexiblewalls are anchored at a fixed point upstream of the

model, which suggests that a wall can only take one shape to be streamlined as

only one streamline passes through the anchor point. In practice, however,

when streamlined the wall follows the shape of a streamline that has been

'picked-up'by the wall not at the fixed anchor point but rather at the first

jack position, which is moveable. The shape of the streamline which is

picked-up depends on the displacement of the firstjack and therefore wall

contours of different shape, within limits,may be termed streamlined for a

given test condition. Analysis of model performance (see Section 10.5)

demonstrates that such contours resultin the same flow conditions around the

model, despite the variations in wall loading just downstream of the anchor

pointbetween one streamlined wall contour and another. A typicalexample is

the test condition of Moo = 0.7;a -- 4.0° where model pressure distributions

obtained with the walls set to streamlined contours of different shape are in

fairagreement, as demonstrated by Figures 10.3 and 10.5.

When streamlined wall contours derived by the WAS 1 and WAS 2

strategies are analysed in terms of total wall movement (that is wall

movement apart),then good agreement between the two strategies is found.

A typical example (Moo = 0.7;a -- 4.0°) is shown on Figure 10.6, where both

strategies move the walls outward downstream of the model by roughly the

same amount, but generally to a greater extent than by the NPL strategies. It

may, therefore, be concluded that the NPL strategiesdo not fullyaccount for

the model wake (Section 10.7.4discussesthispoint in greater detail). Further

inspection of Figure 10.6 reveals that the NPL strategies select contours

which exhibitlesstotal wall movement than the WAS 1 and WAS 2 strategies.

The NPL strategy employing a setting factor of six-tenths (NPL 2 WAS)
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appears, on the evidence of wall contours, to be more appropriate than the

strategy employing a half-way setting factor (NPL I WAS).

10.5 Model Data with Streamlined Walls

Model pressure distributions were measured and recorded at every

stage of the test programme, but only a few selected cases are reproduced in

this thesis.t Force and moment coefficients were derived from the pressure

distributions, hence the values of drag coefficient presented in Tables 5.1-5.5

only refer to boundary layer pressure (form) drag. Generally, form drag is

only a small component of the total drag and quantitative comparisons of this

component of drag are probably meaningless; therefore analysis of model

performance has largely concentrated on pressure distributions and lift

coefficients. The relevant streamlined model force data is summarised on

Figures 10.7.1 and 10.7.2, which show the variation of normal force

coefficient with reference Mach number for all the data sets (a - 0.5°, 2.0°,

4.0 ° and 6.0°). The lift curve slopes for reference Mach numbers of 0.4, 0.5

and 0.6, determined by the fitting of least square straight lines to the

lift-incidence data, are summarised in Table 7.

In general, model data obtained when the walls were streamlined by

the WAS 1 and WAS 2 strategies show excellent agreement (as shown on

Figure 10.7.1), whilst the corresponding liftcurve slopes agree to within 1% of

each other. At the severe condition of M® = 0.8; a - 6.0° the model's upper

surface shock positions given by the WAS 1 and WAS 2 strategies agree to

within 1.0% of chord, as illustrated by the pressure distributions shown on

Figure 10.8. With pressure orifices positioned only at each 5% chord it is

difficult to be more precise.

However, at some test conditions (M® = 0.8; a -- 6.0 ° and M® - 0.8;

a _- 4.0°) the WAS 1 strategy derived streamlined contours that resulted in

slightly greater model lift than that obtained when utilising the other

Reference 91 contains a detailed presentation of model data obtained

when the flexible walls were streamlined according to the WAS i, WAS IA

and NPL strategies.

91



strategies, t as illustrated by the corresponding CN values shown on Figures

10.7.1 and 10.7.2. The increased lift may have been caused by the flow over

the majority of the model's lower surface having slightly less velocity when

the walls were streamlined by the WAS 1 strategy as opposed to the other

strategies, as is evident by the model pressure distributions shown on Figure

10.8. In an attempt to explain these differences at this test condition

(M® = 0.8; a - 6.0°), the imaginary velocities over the outside of the bottom

wall were calculated by several computational methods and the results are

shown on Figure 7.80. Inspection of these imaginary velocities reveals that

the reduced flow velocity over the lower surface of the model was probably

due to erroneous imaginary flowfield computations embodied in the WAS 1

strategy, as first suggested during subsonic verification of the TSWT TSP code

(see Section 7.5.2). Hence, for some test conditions, model data indicates that

wall contours derived by the WAS 1 strategy may not be properly streamlined.

This point is discussed further in Section 10.6.1.

Model data obtained when the walls were streamlined according to the

NPL strategy generally compares very well with that obtained when employing

the WAS 1 and WAS 2 strategies, especially for reference speeds up to

Mach 0.7. For example, at the relatively severe test condition of M® = 0.7;

a - 4.0° there is reasonable agreement between the strategies in terms of the

position of the model's upper surface shock, as illustrated by the pressure

distributions shown on Figure 10.3. However, in general, comparison of model

pressure distributions91 reveals that the velocity of the flow around the model

was slightly greater when the walls were streamlined according to the NPL

strategy as opposed to the WAS 1 and WAS 2 strategies (this is just evident on

Figure 10.3). As this was true to about the same extent (in terms of Cp) for

the upper and lower surfaces of the model, the derived force coefficients and

hence liftcurve slopes show good agreement (see Figures 10.7.1 and 10.7.2 and

Table 7 for the evidence). Hence, on the evidence of model data, wall

streamlining according to the NPL strategy appears to result in near

interference-free test conditions for speeds up to about Mach 0.7 for the

present model in the particular test section configuration of the TSWT.

t The NPL strategy could not be used at such conditions. The WAS 1A,

WAS IB and WAS 2A strategies are defined in Section 6.4.
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Breakdown of the NPL strategy is evident at some test conditions

(M== 0.8; a-- 0.5° and M== 0.8; a = 2.0°),and is apparent in the model

pressure distributionsshown on Figure I0.9. In this case (M= = 0.8; Q = 0.5°)

the model shocks are stronger and misplaced with the NPL strategy, compared

to those obtained when streamlining according to the WAS I and WAS 2

strategies. When the NPL strategy used a half-way setting factor

(NPL i WAS) the test section was fullychoked, as illustratedby the wall Mach

number distributionsshown on Figure I0.I0. Also evident on Figure I0.I0 is

the inabilityof the NPL strategy to account properly for wake blockage; the

whole region downstream of the model isat a Mach number appreciably above

the reference value (thispoint is discussed further in Section 10.7.4). The

effects of the breakdown of the NPL strategy (NPL 2 WAS) at M= = 0.8;

a-- 0.5° are clearly demonstrated by the schlierenpictures shown on Figure

10.11. A consequence of the breakdown isreduced model lift,as illustratedby

the relatively low CN values obtained when using the NPL strategy at

M= = 0.8; Q - 0.5 ° and Mffi - 0.8; Q = 2.0 °, as shown on Figure 10.7.1.

In tests in the 20 x 8 NPL Tunnel which used a model with an EC 1250

section of 12.7cm (5 inches) chord, breakdown of the NPL strategy

(NPL 1 WAS) had not yet become evident at the test conditions of M® = 0.886;

a - 0.0 ° and M= = 0.827; a = 4.0 °. That is to say at such conditions the model

shocks had not reached the contoured walls. The relatively early breakdown

of the strategy in the TSWT is evidence that the present evaluation is a more

severe test of the effectiveness of the NPL strategy than the original NPL

investigations. The limited scope of the TSWT investigation does not allow

the boundary of the test regime within which the NPL strategy performs

satisfactorily to be accurately defined.

10.6 Operational Exverience

10.6.1 Streamlining Quality of WAS 1 Contours

A key component of the self-streamlining concept is the accurate

prediction of the external velocity distributions, since the choice of wall

shapes and the judgement of whether they are streamlined depend on the

computed distributions. However, subsonic verification of the TSWT TSP code

and some model data (see Sections 7.5.2 and 10.5 respectively) has indicated
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that the velocity distributionsgiven by the imaginary flowfield eomputations

embodied in the WAS 1 strategy* may sometimes be unreliable. Therefore,

the streamlining quality of wall contours adopted by the WAS 1 strategy was

assessed. Wall streamlining quality is determined from wall loadings arising

from differences between the test section and imaginary flowfields,and the

parameter E has been introduced as a global measure of wall loading. Thus,

wall loading values were calculated for each wall contour streamlined by the

WAS 1 strategy, with the IMAG 2** and TSWT TSP codes being used to verify

the computations of the imaginary flowfields. The results of the assessment

are presented inTable 9.

As expected the wall loadings calculated when employing the

IMAG 2 and TSWT TSP codes are in good agreement with each other. Both

codes predict that WAS 1 wall conditions satisfy the conventional wall

streamlining criteria (E > 0.01 on both walls) only at the test conditions of

a _- 0.5° and 2.0°. At a-- 4.0° the WAS 1 contours exhibit a bottom wall

loading of greater magnitude than 0.01, whilst at o _ 6.0° both walls of the

WAS 1 contours fail to satisfy the condition of E > 0.01. These results

reinforcethe opinion that the external velocity distributionscomputed by the

WAS I strategy are unreliable. The liftgenerated by the model appears to be

a factor limitingthe test regime where the WAS 1 strategy may be considered

adequate. Since the strategy controls the flexible walls of the 0.3-m

Transonic Cryogenic Tunnel60,61 at NASA Langley Research Center a more

detailed investigationishighly recommended.

10.6.2 Convergence of the WAS 2 StrateR_

The originalform of the WAS 2 strategy resulted in the predictions of

wall movement being somewhat exaggerated. Wall convergence was improved

by scalingdown the predicted wall movements by the empirically determined

factorof approximately 0.7.

t These computations are denoted by IMAG 1.

** The IMAG 2 code solves Equation B.2 of Appendix B and is used by the
WAS 2 and WAS 1B strategies.
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It wasanticipated that the WAS 2 strategy would offer the possibility

of wall streamlining within fewer iterations than necessary when utilising the

WAS I strategy (as discussed in Section 6.2). In practice, however, the wall

streamlining convergence rates of both strategieswere approximately equal,

as shown by the data presented in Table 10.

The uniqueness of model performance when employing the WAS 2

strategy has been demonstrated at reference Mach numbers up to 0.7. A good

example is the test condition of M® = 0.7; a -- 6.0 ° where two values of CL

were obtained when the walls were streamlined from different start contours.

One streamlining cycle (Run 285) was initiated from aerodynamically straight

and required five iterations, whilst the other cycle (Run 280) was initiated

from streamlined wall contours for M® = 0.6; a-- 6.0 ° and required only two

iterations. For Run 285 CL equals 0.6423 and for Run 280 CL equals 0.6404, a

difference of only 0.0019 or 0.396, despite the use of different streamlining

paths. The final streamlined wall contours of the two paths were almost

identical, although this was not always the case.t The fact that Run 285 and

280 comprised of five and two iterations respectively is evidence that the

severity of wall interference at the beginning of the streamlining cycle

strongly influences the number of iterations in the cycle. This means that the

test programme must be carefully designed if the number of iterations is to be

minimised, as discussed in Section 4.2.1. The data also goes some way towards

answering the question, sometimes raised, of whether an adaptive wall tunnel

could in some way impose its own 'solution' which was not a free-flowfield

solution. The self-consistency of TSWT model data coupled with the

agreement seen elsewhere between reference model data and adaptive wall

data and the fact that unexpected streamlined-wall results are, in our

experience, never seen combine to reduce the likelihood of non-unique

solutions ever being experienced in two-dimensional testing.

It is interesting to observe how the walls move during a streamlning

cycle governed by the WAS 2 strategy. The wall contours for each

streamlining iteration of Run 285 (M® = 0.7; Q-- 6.0 °) are shown on Figure

10.12. They demonstrate good wall streamlining convergence, despite severe

t For a given test condition different wall contours can represent different
but equally valid streamlines, as discussed in Section 10.4.

95



wall interference (ET and EB equal to 0.1646and 0.1101 respectively) at the

beginning of the streamlining cycle and the relatively high reference Math

number. Inspection of Figure 10.12 reveals that the majority of all wall

movement was accomplished after the first two or three iterations. The small

magnitude of wall movement demanded by the remaining iterations was

typical for streamlining cycles governed by the WAS 1 and WAS 2 strategies,

particularly at reference speeds greater than Math 0.6.

10.7 Further Notes on the NPL Stratel_r

10.7.1 Constant Pressure Wall Contours

The NPL strategy requires the experimental determination of constant

pressure and aerodynamically straight contours, as noted in Section 6.3. The

quality of constant pressure contours derived in the TSWT is summarised in

Table 11 (OT, oB and Oar are measures of streamlining quality), whilst the

Mach number distributions along the centrelines of the walls for each of the

contours are shown on Figures 10.13.1-10.13.3. The quality of the constant

pressure contours does not match that achieved for aerodynamically straight

contours, as can be seen by comparing the data presented in Tables 3 and 11.

The Math number distributions indicate that further wall adjustments,

localised near the model, may have led to an improved definition of constant

pressure contours. However, it was concluded that the present contours were

defined satisfactorily. Confidence was gained by the fact that most contours

(the exceptions are contours A.3 and B.3) satisfied the normal wall

streamlining criteria (E < 0.01 on both walls) when the value of E was

calculated by artificially setting the perturbations of the imaginary flowfields

to zero. These artificial wall loading values (E*) may be used as an

alternative measure of the quality of constant pressure streamlining.

As with streamlined contours, the effects of increasing Mach number

and model lift on constant pressure contours was to demand increased wall

movement. Wall displacements (from geometrically straight) of a typical

constant pressure contour (M® = 0.7; a _ 4.0 °) are shown on Figure 10.14. It is

interesting to note that towards the downstream end of the test section the

aerodynamically straight and constant pressure contours nearly coincide. That

is to say that the discrepancy in total wall movement at lack nineteen
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between the two contours was less than 0.15ram (0.006 inches). This implies

that the thiekness of the model wake was small, therefore it may be deduced

that under the constant pressure conditions a shock induced separation of the

model boundary had not oeeurred at this test eondition (M= = 0.7{ Q = 4.0o).

When the walls were streamlined aeeording to the WAS 1 strateg_j- the total

outward movement of the walls at jack nineteen indieated a model wake

displaeement thiekness of approximately 1.0ram (0.040 inches), as shown on

Figure 10.6.

In experiments sueh as these where the reference Maeh number is

subsonic, the test section choking caused by the strong interference of

straight walls is, by definition, overcome by contouring the walls to eonstant

pressure contours. However, as the walls are far from streamlinest the model

still suffers from wall interference effects. The magnitude of one

interference effect present with straight and eonstant pressure wall contours

may be seen in Table 7; a set of lift curve slopes. At each Maeh number (0.4,

0.5 and 0.6) the slopes given by the streamlining strategies are in fair

agreement with each other. With aerodynamically straight walls the slopes

are high and conversely with constant pressure contours, with the magnitude

of the errors increasing with Maeh number. The opposite sign of the

interference is of course an example of the phenomenon which led to the

suggestion of ventilation as a means for reducing wall interference.

A further illustration of the existenee of interferences with the walls

set to constant pressure contours is illustrated by the data shown in Table 12.

None of the eontours satisfy the normal wall streamlining criteria (E < 0.01 on

both walls) and, therefore, the resulting interference effects are larger than

usually experienced when the walls are streamlined (see Seetion 3.2 for typical

values of residual interference effects when the walls are streamlined).

Typical effects on model pressure distribution of moving the walls from

straight to eonstant pressure contours are illustrated on Figure 10.1; the

over-correction is elear.

t Constant pressure contours simulate open-jet conditions.
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10.7.2 Streamlining Quality of NPL Contours

In order to assess the streamlining quality of contours derived by the

NPL strategy, wall loading values (expressed in terms of E) were calculated at

each test condition, with the TSWT TSP code being used in the computations

of the imaginary flowfields. The residual interference effects at the model

due to any remaining wall loading were also calculated using linearised theory.

The results, presented in Tables 8 and 13, clearly illustrate that

employment of the NPL strategy considerably reduces the level of wall

loading from that present with straight walls. It is evident that a setting

factor of six-tenths (NPL 2 WAS) is more appropriate than the half-way factor

(NPL 1 WAS). Contours derived by the former setting factor nearly satisfy

the normal streamlining criteria (E < 0.01 on both walls) for speeds up to about

Mach 0.7. However, analysis of model performance suggests that the

streamlining criteria may well be unnecessarily strict, especially up to Mach

0.7. It is also noticeable from the results presented in Tables 8 and 13 that

wall loading and residual interferences increase with angle of incidence.

Therefore the lift generated by the model may be a factor limiting the test

regime where the NPL strategy could be considered applicable. Finally, the

breakdown of the NPL strategy above Mach 0.7 is clearly illustrated in Table 8

by the excessive wall loading remaining after wall streamlining.

10.7.3 Convergence of Walls to NPL Contours

A prerequisite of setting wall contours according to the NPL strategy

is the determination of constant pressure contours. Therefore, the rate of

wall convergence to such contours determines the number of wall adjustments

necessary during the NPL streamlining process. When employing the

Imbalance strategy (see Section 8.3 for details of strategy) satisfactory

constant pressure contours were reached only after many iterations; the

extreme was the 17 iterations necessary to derive contour D.3 when the

streamlining cycle was initiated from aerodynamically straight. Wall

adjustments were continued until no further reduction in the value of oavtwas

experienced, the value typically lying in the band of 0.003 to 0.005. The

t See Section 8.2 for definition of Oar.
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relationship between the wall movement (By) and the desired change of local

wall Math number (6M) which was used for all wall adjustments was 6y/6M

equal to 1.0em (0.4 inches). The situation was improved by utilising the WAS t

strategy but with the perturbations of the imaginary flowfields all the while

artifieially set to zero. However, eonvergenee was still slow and wall

streamlining aeeording to the NPL strategy typiea]ly required 3 to 5 times as

many iterations as the WAS 1 and WAS 2 strategies. This represents the only

major operational disadvantage associated with the implementation of the

NPL strategy. The WAS 1 and WAS 2 strategies have been developed to

rapidly derive streamlined wall eontours. Presumably a predietive strategy

could be developed to derive constant pressure eontours, but at present we

eannot see any immediate need for this development.

10.7.4 Model Wake Approximation

As has been previously noted (see Section 10.3 and 10.4) properly

streamlined walls automatically adapt to the blockage caused by the model

wake. The wall Maeh number some distance downstream of the mode] returns

essentially to the reference value, as must be the case for the simulation of

free flowfield conditions.

Constant pressure walls with a model present, and aerodynamically

straightwalls with no model both exhibit,by definition,constant Mach number

(equal to the reference value) along the entire lengths of the walls. For

constant pressure contours this requires outward wall movement (relativeto

aerodynamically straight)downstream of the model in order to eliminate the

blockage caused by the model wake. The NPL strategy requires wall contours

of lessoutward wall movement downstream of the model than contours giving

constant pressure, thus raising the Math number in this region above the

reference value. Therefore the NPL strategy cannot totally eliminate model

wake blockage. The problem is exaggerated at speeds where the effect of

settingthe walls to streamlined contours from constant pressure isto increase

the strength of model shocks, because of the almost inevitableincrease in the

thickness of the wake.

In practice, however, for speeds up to Math 0.7 the inadequate

alleviation of wake blockage, caused by the approximate nature of the NPL

strategy, appears to be of little consequence. The evidence is provided by
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model data (as discussed in Section 10.5) and the measurement of wall Mach

numbers downstream of the model which show them to be close to the

reference value, as illustrated by the relatively severe test condition

(Moo --0.7; a - 4.0°) shown on Figure 10.4. At Mach 0.8 where breakdown of

the NPL strategy is evident, the downstream wall Mach numbers are

appreciably higher than the reference value, as shown on Figure I0.I0. At this

speed the wake blockage approximation becomes more significant as the shock

induced separation of the model boundary layer has led to increased wake

thickness, as can be detected from the schlieren pictures shown on Figure

10.II.

In an attempt to indicate the magnitude of the effects on model

performance of the inadequate alleviation of wake blockage, a 'wake pinch'

test was performed in the TSWT. For the test condition of Moo = 0.8; o ---6.0°

model data obtained with walls streamlined according to the WAS 1 strategy

was compared to that obtained with the walls set to a contour moved

deliberately to cause wake blockage. The outward movement downstream of

the model exhibited by the properly streamlined contour (CON I) indicated a

wake thickness of about 3.Smm (0.15 inches), whilst the high downstream wall

Mach numbers (-- 0.85) associated with the other contour (CON 2) suggested

significant wake blockage.* The expected effect of such blockage on the

model was to increase the flow velocity near the trailing edge. However,

comparison of the corresponding model pressure distributions (see Figure

10.15) reveals that no effect on model performance was detectable. It may,

therefore, be tentatively concluded that the effects of the NPL wake

approximation were insignificant for most test conditions of the present

investigation.

I0.7.5 Appropriate NPL Setting Factor for the TSWT

Analysis of streamlined wall contours has suggested that for the model

and test section configuration of the present investigation a setting factor of

seven-tenths towards the constant pressure contour would be more appropriate

than the two setting factors suggested by NPL. An NPL strategy employing a

factor of seven-tenths (NPL 3 WAS) derives wall contours that exhibit

* Further details on the wake pinch test are given in Reference 91.
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approximately the same wall movement apart characteristicsin the vicinityof

the model as the WAS 1 and WAS strategies. However, it should be

emphasised that disparitiesbetween the strategies(interms of wall movement

apart)stillexist upstream and downstream of the model, as illustratedby the

representative ease (M® = 0.7; a -- 4.0°) shown on Figure 10.6. Model tests

with the flexible walls set according to the new strategy (NPL 3 WAS) are

required in order to assess the streamlining performance of the strategy. It is

anticipatedthat breakdown of the NPL strategy in the TSWT would be delayed

by the employment of a settingfactor of seven-tenths.
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II. MODEL TESTS WITH MIXED FLOW IN THE IMAGINARY FLOWFIELDS

The aim of the tests detailed in this section was to demonstrate the

principle of wall streamlining at test conditions where mixed flow and the

attendant shocks have reached the streamlined walls and intruded into the

imaginary flowfields. Hence, the TSWT TSP code (as detailed in Section 7)

was used in all the imaginary flowfield computations associated with these

tests.

11.1 Measures of Wall Streamlining Quality

The difference in pressure across a wall (i.e. wall loading) has

previously been introduced as the most important measure of the quality of

wall streamlining. Additional measures are provided by calculating the

residual interference effects at the model due to any remaining wall loading.

In the TSWT these effects are normally computed at every stage of the

streamlining process. However, when supercritical flow has reached the

flexible walls the linearised theory used in the residual interference

computations is no longer appropriate. Thus, when testing at such conditions

in the TSWT the residual interference effects are unknown and, therefore, the

wail loading (expressed in terms of E) is the only available measure of wall

streamlining quality.

11.2 Initial Tests

The initial model tests utilised the original flexible walls of the TSWT.

During the tests the TSWT schlieren system was not available.

11.2.1 Scope of Tests

The tests were carried out in a reference Math number band not

before explored in two-dimensional flexible wall research, that is Math 0.9 to

0.97, where at all times the flow channels over and under the model are

choked. During the tests the model remained locked at a nominal angle of

incidence of 4.0 ° .
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Contrary to fears expressed in some quarters that when the test

section is fully choked control would be lost over the reference speed, no such

difficulty was experienced, itshould be noted that reference Mach numbers in

this range are well beyond the reach of straight wa]Is with this combination of

model and test section. The technique developed to overcome this practical

difficulty was as follows. With the model set at the desired angle of incidence

the tunnel was run at a modest reference Mach number and the walls crudely

streamlined. It was then found that the Mach number can be considerably

increased because of the blockage relief accompanying the streamlining. The

process of refinement in wall shape with attendant improvements in

streamlining quality, followed by further increases in reference Mach number,

allowed the wall shapes and the reference Maeh number to converge as

desired. Thus, as expected, the achievement of high subsonic reference speeds

requires a few tunnel runs at Mach numbers below that ultimately required.

11.2.2 Quality of Wall Streamlinin_

The quality of wail streamlining achieved during the initialtests never

reached the level where the walls are normally considered to be adequately

streamlined (E < 0.01 on both wails), as demonstrated by the ET, E B and Ear t

values shown ]n Table 14.1. The poor condition of the original flexible walls at

this stage in their lives and the inherent weaknesses of the jack/wall flexure

design (as discussed in Section 5.6.2), limited the attainable level of wall

streamlining quality. Although localised differences between the real and

imaginary flowfields stillexisted,90 especially as the reference Mach number

approached unity, the attained level of wall streamlining quality was

considered to be highly encouraging.

11.2.3 0.9-0.94 Maeh Number Band

In the 0.9-0.94 reference Mach number band the model shocks were

locally normal to the flexible walls. The only significant discrepancies

between the real and the imaginary wall Mach number distributions occurred

in the vicinity of the shock-wall impingement positions,90 as illustrated by the

typical case (Mao -- 0.9; a -- 4.0°) shown on Figure 11.1.

t Ear = (ET + EB)/2.0
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The best level of wall streamlining quality was achieved when the

effective aerodynamic contour accounted for the changes in 8* caused by the

presence of the model,t as demonstrated by the results presented in

Table 14.1.

11.2.4 0.95-0.97 Math Number Band

In the 0.95-0.97 reference Math number band the shocks on the upper

and lower surfaces of the model had moved to the trailing edge,90 and were

likely to be oblique with respect to the flexible walls. When the walls are

correctly streamlined (i.e. negligible wall loading) the model shocks will not be

reflected in any way from the wall. This situation may not have been reached

as significant wall loading still existed downstream of the shock-wall

impingement positions, as illustrated by the real and imaginary wall Math

number distributions shown on Figure 11.2 (M= = 0.95; a = 4.0°). However,

the real Math number distributions do not provide any supportive evidence

regarding the reflection of model shocks. As the shock-wall impingement

position on each flexible wall was downstream of both sidewall glass windows,

any shock reflections could not have been observed even if the schlteren

system had been in use. Limited shock reflections downstream of the model

may be acceptable, since the effect on model performance might be small.

Further tests aimed at quantifying the effects of such shock reflections on

model performance are required.

11.2.5 Concluding Remarks

The initial model tests clearly demonstrated that, when supercritical

flow has reached both flexible walls and extended with the attendant shocks

into the imaginary flowfields, wall streamlining is feasible and that at such

conditions the TSWT TSP code is a practical tool for the computation of the

imaginary flowfields.

In the 0.95-0.97 Math number band the peak Mach number on the top

wall was greater than 1.4. At such conditions the strong pressure gradients

associated with the shock-boundary layer interaction may induce separation of

t The RAE BL code was used to predict the changes in 8* due to the model
influences.
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the wall boundary layer.120 Since there isuncertainty as to the accuracy of

the RAE BL code in such circumstances 121 itwas concluded that further tests

should initiallyconcentrate on the 0.9-0.94 Mach number band. In this Mach

number band the pressure gradients are unlikely to induce separation of a

flexiblewall boundary layer and the shock-wall interactions may be observed

by use of the schlierensystem.

It was anticipated that the jack/wall link mechanism of the new

flexiblewails (see Section 5.6.2 for details)would allow an improved level of

wall streamlining quality to be obtained. Therefore, it was decided that

further tests in the 0.9-0.94Mach number band would only commence once the

new flexiblewalls had been installedintothe TSWT. Itwas planned that these

tests would investigate the required standards of wall streamlining quality,

with particular reference to the sensitivityof model performance to wall

loadings localisedaround the shock-wall impingement positions.

11.3 Further Tests

These model tests utilisedthe new flexible walls of the TSWT and

were aimed at providing additional data to that already gained during the

initialtests detailed in Section 11.2. The TSWT schlieren system was

availableand used during the tests.

11.3.1 Scope of Tests

It was originally intended, for reasons previously discussed, that these

tests would be carried out in the 0.9-0.94 Mach number band. However, due to

an enforced temporary reduction in pressure of the dried air supply (from 300

to 150 p.s.i.) the tests were limited to a reference speed of below Mach 0.9.

In fact, this Mach number could only be reached by the removal of the air

filters situated in the air supply line just upstream of the tunnel injector box,

which inevitably reduced the test section flow quality by introducing foreign

particles to the tunnel circuit. Despite the limitation on reference Mach

number a few test conditions which gave supercritical flow at the flexible

walls and in the imaginary flowfields were obtained (see Table 14.2 for the
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test eonditionst). Hence, the tests provided further data demonstrating the

principle of wall streamlining at conditions which result in a choked test

condition.

11.3.2 Streamlining Performance

11.3.2.1 Quality of Wall Streamlining

As anticipated, the attainable level of wall streamlining quality was

significantlyimproved by the installationof the new flexible walls. In fact,

the usual wall streamlining criteria(E < 0.01 on both walls) was satisfiedin

the majority of cases, as demonstrated by the ET, EB and Eav values

presented inTable 14.2.

The extent of supercritical flow at the flexible walls and in the

imaginary flowfields for the test conditions of Moo-_ 0.89; a- 4.0° and

Moo _ 0.87;a _-4.0° isillustratedby the schlieren montages shown on Figures

11.3and 11.4 respectively. In both cases, the supercriticalflow regions of the

real and imaginary flowfields are extremely well matched considering that

wall data (wall position and static pressure) was only available at the jack

stations,which in this region are spaced at 2.54cm (I inch) intervals. The

good match is also illustratedon Figures 11.5 and 11.6 (Moo-_ 0.89; a - 4.0°

and Moo _ 0.87;a _-4.0° respectively),where the real and imaginary wall Mach

numbers near the model are scaled to the corresponding schlieren pictures.

The flow directionon Figures 11.3 - 11.6 isright to left.

Differences between the real and imaginary flowfields still exist but

they are small and confined to regions near the shock-wall impingement

positions, as illustrated by the wall Mach number distributions shown on

Figure 11.7 (Moo- 0.87; a- 4.0°). The wall Mach number some distance

downstream of the model is seen to return approximately to the reference

value, which indicates that the flexible walls have adapted to the blockage

caused by the model wake. The wall displacements shown on Figure 11.8

suggest that at the typical test condition of Mo_--0.87; a-_ 4.0 ° the

displacement thickness of the model wake is about 5.1ram (0.2 inches). The

t At the test condition of Moo- 0.85; a--4.00 supercritical flow had
extended into the imaginary flowfield of the top wall only.
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large thickness was probably due to shock induced separation of the model

boundary layer, hence the relatively low value of lift (CN --- 0.13). The low

level of llft at this test condition65 (Moo --- 0.87; a -- 4.0 °) may also be inferred

from the near symmetrical shapes of the top and bottom wall contours shown

on Figure 11.8.

11.3.2.2 Repeatability of Model Data

The repeatability of model data was investigated at the test condition

of M® = 0.89; a -- 4.0 °, Streamlined-wall model data was obtained from three

different streamlining cycles (Runs 300, 305 and 306), all initiated from walls

set to aerodynamically straight. Inspection of the model pressure distributions

shown on Figure 11.9 reveals that the repeatability of model data at this test

condition was excellent.

11.3.2.3 Required Level of Wall Streamlining Quality.

The sensitivity of model performance to the quality of wall

streamlining at the test condition of M® = 0.89; a -- 4.0 ° is illustrated by the

model pressure distributions shown on Figure 11.10. The rate of convergence

of model pressure distribution with the fall of wall loading (expressed in terms

of Eav) suggests that the quality of wall streamlining achieved with the new

flexible walls may well be adequate for this test condition (Moo = 0.89;

a- 4.0°). However, the quantity of data presently in hand is limited and,

therefore, more experimental experience is required before being sure of the

quality of wall streamlining needed to obtain wall interference-free model

data at such conditions.

11.4 Comparisons of TSWT Model Data with Reference Data

11.4.1 NASA Reference Data

The NACA 0012-64 model had previously been tested in a slotted test

section in the 19 inch x 6 inch transonic blowdown wind tunnel125 at NASA

Langley Research Center. The NASA tests provide model reference data with

a ratio of test section height to model chord of 4.75 compared to about 1.5 in
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the TSWT. The NASA data* has not been corrected for any test section

boundary interference effects and covers a range of angles of incidence from

0° to 16° for test Maeh numbers from 0.5 to 1.1. Most of the data is for a

clean model, but additional tests with a transitionband fitted to the model

were made at 4°, 8°, 12° and 16° for each test Mach number. The data has

been compiled into a reference data libraryon the TSWT computer in order to

allow easy interpolation,thereby permitting routine comparison of model data

at any given test condition. The interpolationprocess, however, isnot always

satisfactoryfor the transition-fixeddata.

The Reynolds number of the reference data is higher than that of

model tests in the TSWT. Model behaviour, in particular the positions of

shocks,issensitiveto the state of the boundary layer,which for a clean model

is strongly dependent on Reynolds number. Comparisons of TSWT data with

reference data are therefore made with transition fixed, in an attempt to

reduce the discrepancies caused by the differingReynolds numbers. However,

comparison is not straightforward because when model pressure distributions

are compared, the model CN'S should be closely matched in order to remove

uncertainty about the angle of incidence that exists in the two tunnels, and

uncertainty over the magnitude of the correction which should be applied to

the reference data.

When comparisons are made it should be noted that the condition of

the model transitionband used during the TSWT tests may have been different

from that of the NASA tests,and secondly that recent work at NASA Langley

Research Center81 suggests that the reference data probably requires a Mach

number correction. The magnitude of the suggested correction is small for

subcritiealflow but increases sharply as the Mach number is raised into the

supercriticalflow regime. This situation,combined with the usual difficulties

of comparing model data from different wind tunnels, leads to the conclusion

that the reference data can at best only be used as an approximate indication

of model performance especiallyat high subsonic reference speeds.

* Unpublished work.
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11.4.2 Model Data Comparisons

In an attempt to validate the principle of wall streamlining at

conditions which result in supercritical flow at the flexible walls, the

streamlined model data obtained at the test conditionsshown in Table 14.2 has

been compared with the NASA reference data. The best direct match before

any interpolation is achieved at Moo = 0.875; a--4.0 ° in the TSWT and

Moo = 0.864; a--4.0 ° for the reference data, as illustratedby the model

pressure distributionsshown on Figure 11.11. The most notable discrepancies

are found in the position of the model's upper surface shock and in the

pressure coefficientover the aft half of the upper surface. The extent of the

discrepancies were increased when the reference data had been interpolated

to Moo = 0.875; a-- 4.35° in order to give a good match between the model

CN'S, as illustratedon Figure 11.11.

As previously discussed there are many possible reasons for the lack of

reasonable agreement between the TSWT and the reference data at high

subsonic reference speeds. However, when model data comparisons are made

the points raised in the following (Sections 11.4.2.1-11.4.2.2)should also be

noted.

11.4.2.1 Sidewall Boundary Layer Effects

The influences of the boundary layers on the sidewalls of the test

section have long been recognised to be important in two-dimensional

testing.126 Studies at ONERAI27 have indicated that the presence of

sidewall boundary layers near the model can influence the test data even on

the mid-span. The influences become particularlyimportant for models of

small aspect ratio (lessthan about 2.0) and for flows with shock waves.128

Investigations78 in the NASA Langley 0.3-m Transonic Cryogenic Tunnel60

have suggested that at some supercriticalconditions the sidewall boundary

layer influences are probably greater than the influences due to any top and

bottom wall interference.

The available correction methods129-133 which attempt to account

for the sidewall boundary layer influences are, at present, limited to attached

boundary layers and use relatively simple flow models. For example, the

Barnwell-Sewall method132 ignores any three-dimensional effects on the
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sidewall boundary layer and does not include the effect of model span. The

method only strictly applies to narrow test sections, because it is assumed

that the flow at each sidewall is strongly influenced by the other sidewall

boundary layer. Despite these simplifications, investigations at NASA Langley

Research Center134,131 have shown that the Mach number correction

suggested by the Barnwell-Sewall method was sufficient to approximately

account for all the blockage effects caused by the changes in thickness of the

sidewall boundary layers. The investigations also suggested that the method is

valid up to transonic speeds provided that the sidewall boundary layer occupies

a small enough fraction of the test section width to avoid substantial

three-dimensional interaction with the model.

It may be argued that in adaptive wind tunnels the necessity to assess

the extent of sidewall boundary layer influences is a matter of prime concern,

as top and bottom wall interference effects are, in principle, eliminated when

the Wails are correctly streamlined. Such assessment in the TSWT is further

complicated by the fact that the two sets of pressure tappings on the model

are positioned on a chord line 1.90cm (0.75 inches) either side of the mid-span.

In the TSWT, however, evidence of spanwise variations of flow velocity at the

model might be expected to be apparent at the top and bottom walls, as they

are close to the model. Hence, in an attempt to examine such variations some

measurements of wall Mach number on the centreline and off-centreline

positions (Orifice 3 and Orifice 1 respectively) have been made with the new

flexible walls. Typical data is shown on Figure 11.12 (Moo = 0.875; a - 4.0o),

from which it may be tentatively concluded that any spanwise variations in

the TSWT are small, even in the region of the model.

Despite the existence of several possible correction methods no

assessment of the sidewall boundary layer influences has been made in the

TSWT. Although wall streamlining may have a favourable effect on any

blockage caused by the variations in thickness of the sidewall boundary layers,

it is possible that at high subsonic speeds the sidewall boundary layer

influences in the TSWT are significant. This comment probably applies to the

reference data as well, but possibly to a different extent as the test section

geometries of the TSWT and NASA tests differed somewhat. The

uncertainties concerning the relative magnitudes of the sidewall boundary

layer influences associated with the TSWT and reference data render the
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validity of any comparisons even more dubious, especially at high subsonic

reference speeds.

11.4.2.2 Model Transition Band Deterioration

During the TSWT tests aimed at streamlining the new flexible walls

when the test section is choked, the transition band of the model suffered

severe deterioration. This was probably due to the many foreign particles

flowing around the tunnel circuit, an inevitable result of removing the air

filters in the air supply line. The extent of the transition band deterioration is

clearly visible on the pictures presented on Figure 11.13. The pictures show

the condition of the model immediately after the tests.

The effect of transition band deterioration on model performance is

well illustrated on Figure 11.14, where comparisons are made between model

pressure distributions obtained when the wails were streamlined (according to

the WAS 1A strategy) immediately before and after the tests during which the

air filters were removed. At this test condition (Moo = 0.8; o _ 6.0 °) the

deterioration resulted in a downstream movement of the model's upper surface

shock of about 15% of model chord. The direction of the movement is

consistent with the discrepancies in model shock location experienced when

comparing TSWT model data with the reference data.

11.4.3 Numerical Computations

Finding a reliable independent source of interference-free

performance data for a model is a difficult task and such information is

always open to question, as demonstrated by the many problems concerning

the use of the NASA model data. Thus, in order to provide another

independent source of model data it was decided to employ

GRUMFOIL135,136; a two-dimensional full potential transonic code with

viscous interaction. Although the GRUMFOIL code is not without problems of

its own,137,138 it was thought that at high subsonic reference speeds the code

may provide the most reliable reference data available. However, initial

GRUMFOIL computationst at the test conditions shown in Table 14.2 have

t The GRUMFOIL computations were carried out by A.V. Murthy at NASA

Langley Research Center.
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failedto converge to an acceptable level,rendering the resultsunusable. The

lack of convergence isthought to be due to the fact that the Reynolds number

of the TSWT tests (-1.5 million)isconsiderably lower than normal for typical

GRUMFOIL applications. Attempts to obtain usable model data from the

GRUMFOIL code continue.

11.5 Shock-Boundary Layer Investigations

11.5.1 .Background

Past investigations99,65 attempted to alleviate the 8" growth due to

the shock-boundary layer interaction by locally modifying the wall contour.

The action had a noticeable effect on the model pressure distribution. Foe

example, at Run 184 conditions (Moo = 0.8862; a- 4.0 °) the localised hollow

introduced into the top wall contour reduced the pressure coefficient over the

aft half of the modePs upper surface by 0.05, and moved the modePs lower

surface shock upstream by 596 chord.65

Recent work (see Section 9.6) has suggested that the thinning of 8*

(due to the general pressure field) prior to the shock-boundary layer

interaction may well be more significant than any thickening of 8* at the

interaction. It was, therefore, concluded that at such conditions the effective

aerodynamic contour should probably account for all the changes in 8* induced

by the pressure field of the model. Hence, there followed the need to predict

AS* distributions along the flexible walls. The lag-entrainment method

(RAE BL code) was the preferred method.

11.5.2 Experimental Results

When the walls were adjusted to account for the predicted A8*

distributions the effect on model performance for a given level of

streamliningquality was, in general, to move the modePs upper surface shock

upstream,90 typically by about 596 of chord. The test condition of

Moo = 0.8726; a = 4.0° was a notable exception among the data sets in hand.

In thiscase the effect of the AS* allowance was to move the upper surface

shock downstream by about 296 chord. The movement isshown by the model

pressuredistributionspresented on Figure 11.15. The limited quantity of data

presently in hand does not allow any reliableconclusion to be drawn as to the
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effect on model performance of making a 46* allowance. The available

evidence suggests that the effects may not be consistent. However, within

this limitation the data has served to highlight the importance of using some

form of 48* allowance. The effects of making a AS* allowance in the

imaginary flowfield computations are significant, as clearly illustrated by the

computations of imaginary wall Math number shown on Figure 11.16

(Moo = 0.8726; Q--- 4.0o). An allowance for 48* is seen to change the wall

loading parameter E by a factor of about 2. Further work (which does not

form part of this thesis) is required to verify the AS* allowance used during

the present investigation.

11.6 Operational Experience

11.6.1 Experimental Technique

The experimental technique developed to streamline the flexible walls

at test conditions which resulted in a choked test section made use of the

WAS 1A and Imbalance strategies. Details of the strategies are given in

Sections 6.4 and 8.3 respectively. The flexible walls were adjusted according

to the WAS 1A strategy until no further reductions in the values of ET and EB

were attained. The Imbalance strategy was then applied to a few individual

jacks which exhibited unacceptable levels of local wall loading, these jacks

usually being in the vicinity of the shock-wall impingement positions.

The WAS 1A strategy in its original form became less strongly

convergent when supercritical flow reached the flexible walls. The tendency

for the number of iterations per streamlining cycle to increase at such

conditions was curbed by reducing the scaling factort to 0.25 from the normal

value of 0.7. The ratio of wall movement to the desired change of local Mach

number (By/aM) which was used with the Imbalance strategy was varied from

2.5 to 1.5ram (0.1-0.06 inches). The value being reduced as the local level of

wall streamlining was improved.

The wall setting tolerance used in the wall control software was also

reduced. A software tolerance of ±0.06ram (+0.0025 inches) was found to be

t See Appendix A for scaling factor details.
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adequate for most tests, however testing with supercritieal flow at the

flexible walls was much improved by the use of a tolerance of +0.025ram

(±0.001 inches). The reason for this reduction was the increased sensitivity of

the flow and, therefore, model performanee to wall movement at such

conditions.

Despite these modifications, the achievement of streamlined walls at

reference speeds above Mach 0.85 required numerous streamlining iterations.

For example, at the test condition of M®-- 0.89; a = 4.0 ° 12 iterations were

needed (8 governed by the WAS 1A strategy and 4 governed by the Imbalance

strategy) when the streamlining cycle was initiated from walls set to

aerodynamically straight. The desired reference Mach number was reached

after the first 4 iterations. Further work is required in order to reduce the

tunnel run-time associated with wall streamlining at high subsonic reference

speeds.

11.6.2 Residual Wail Interference Assessment

The point has already been made that with a choked test section the

wall loading is the only available measure of the quality of streamlining. The

level of wall loading (expressed in terms of E) at which the walls can be judged

to be providing interference-free flow is, at present, uncertain. An

appropriate wall interference assessment/correction method is required, in

order to provide additional measures of wall streamlining quality when the

test section is choked.

The majority of present-day assessment/correction methods139-141,

76,77 for two-dimensional flow assume the test section flow to be a

superposition of a model induced flowfield, a wall induced flowfield, and the

main oncoming flowfield. Consequently, these methods are restricted to

subsonic flows although, in practice, they are usually sufficiently accurate in

the low-transonic regime. However, the 'matching type' of method75,78,80

does not rely on the superposition principle and therefore can, in theory, be

applied to any range of Mach number. The TWINTN4t code78,80, which forms

the basis of the matching type of method developed81 for the NASA Langley

t The TWINTN4 code is a development of the TWINTAN code75.
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0.3-m Transonic Cryogenic Tunnel60, employs the transonic small perturbation

equation and, therefore, may be applicable with supercritical flow at the top

and bottom walls of the test section.

The matching type of method requires pressure distributions to be

measured on the model and on or near to the walls. From this pressure data,

an effective inviscid model shape is computed by solving the 'inverse' problem.

The free-air pressure distribution of the effective shape is subsequently

computed, iterating on Maeh number and angle of incidence until the

computed pressure distribution matches, within a specified error, the

distribution originally measured on the model. The Math number and angle of

incidence of the free-air computation producing the match is the corrected

test condition. If a match cannot be attained the case is judged to be

uncorrectable.

An advantageous feature of the matching type of method, apart from

the wide range of applicable Mach numbers, is that the usual assumption that

the wall interference effects are uniformly distributed over the model is not

made. However, the inverse computation is not attractive or even feasible for

some complex models and the method requires much computational effort.

For example, the TWINTN4 code requires 106K (octal) 60 bit words of storage

and about 100 seconds of CPU time per pass on a CYBER 175 computer.81

Such computational requirements are greater than that which can be

accommodated on most computer systems used by present wind tunnel

facilities.

It may, therefore, be concluded that the computations associated with

the matching type of method are certainly not viable on the TSWT computer.

Thus, the wall loading (expressed in terms of E) will remain as the only

measure of wall streamlining available in the circumstances under discussion.

This will probably be true even for tunnels with access to relatively large

computational resources, as it is likely that computational times will prevent

employment of the method at every stage of the streamlining process. Hence,

in practice, the matching type of wall interference assessment/correction

method may only be used as a post-test check on the quality of wall

streamlining. In the interim, however, it would be useful for some

organisation with access to the necessary computing power to gain experience
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with supereritieal walls streamlined to various levels of E, with the

magnitudes of the residual interference effects monitored by a suitable code

in order to more firmly establish the wall Ioadings which are satisfactory.
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12. DISCUSSION OF FINDINGS

12.1 Evaluation of Wall Adjustment Strategies

The evaluation of several transonic wall adjustment strategies in the

TSWT has formed a major element of this work. Such an evaluation is

believed to be unique. The aim was to determine the relative performance of

each strategy by assessing the viabilityof their use in flexible walled test

sections,both interms of testsection operation and model performance.

12.1.1 NPL Strate_

The first documented wall adjustment strategy was proposed and

developed by NPL in the early 1940's for use in their transonic

self-streamlining flexible walled wind tunnel. The tunnel (20 x 8 NPL Tunnel)

employed the strategy for about 15 years. The ratio of test section height to

model chord inthe 20 x 8 NPL Tunnel was typicallyaround 3.5,whereas in the

TSWT tests itwas about 1.5. The TSWT was, therefore, a more severe test of

the effectiveness of the NPL strategy than the environment for which it was

developed. A constraint which existedat the time when the NPL strategy was

being developed was that digitalcomputers, which did exist, were available

only for the most pressing national needs.

One step in the NPL strategy is the determination of constant pressure

wall contours, which demands wall movements of greater magnitude than

usually experienced when just contouring the flexible walls to free-flowfield

streamlines. Therefore, for a given test condition the NPL strategy requires

larger wall movements than the WAS 1 and WAS 2 strategies. This fact would

have important implications on the configuration of a flexible walled test

section designed to use the NPL strategy. In fact, the maximum jack

movement of 2.54cm (1 inch) limited the test range within which constant

pressure contours could be obtained in the TSWT.

An assessment of streamlining quality demonstrated that with the

flexible walls adjusted according to the NPL strategy the wall interferences

were significantly reduced from the levels present with straight walls.

Despite the fact that wall contours predicted by the NPL strategy only
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approximated to streamlines the resulting model performance, over a wide

range of test eonditions, eompared favourably with that obtained when the

walls were streamlined by the more modern strategies (i.e. WAS 1 and WAS 2

strategies). These model performanee eomparisons have indieated that the

NPL strategy reduees wall interferenee effects at the model to levels which

may be considered insignifieant for test eonditions up to Moo = 0.7; a -- 4.0 °.

The test regime within whioh the NPL strategy performs satisfaetorily

appears to be limited. The strategy was observed to break down at the test

eonditions of Moo = 0.8; a - 0.5 ° and Moo = 0.8; a - 2.0 °. High values of model

lift may well further restrict the applieable referenee Maeh number. Analysis

of streamlined wall eontours has suggested that for the model and test section

eonfig_ration of the TSWT tests, an NPL strategy employing a setting faetor

of seven-tenths would be more appropriate than the two setting factors

proposed by NPL. It is antieipated that employment of the seven-tenths

setting factor would delay the breakdown of the NPL strategy in the TSWT,

and thereby extend the applicable test regime.

The only significant disadvantage assoeiated with the implementation

of the NPL strategy (within its applicable test regime) was the number of wall

adjustments neeessary during the streamlining proeess, whieh are somewhat

higher than the norm for modern strategies. This disadvantage might possibly

be reduced following the development of a predietive strategy to derive

constant pressure wall contours, but at present there does not appear to be

any immediate need for this development. It may, therefore, be concluded

that the only major development in the flexible wall testing teehnlque since

the 1940's (apart from the reduction of tunnel run-time attributable to the

streamlining process) is the reduction of the ratio of test section height to

model chord at which satisfactory streamlining may be aehieved from

approximately 3.5 to 1.5.

Reeent library searehes,142,28 whieh have been extended by the

author and others, have established beyond doubt that wall streamlining as a

means of redueing test seetion boundary interferenee was not the new idea

whieh some believed it to have been in the early 1970's. During the early

1940's and subsequently it was used extensively by NPL. Also a major German

tunnel employing the principle of adjustable walls was eonstrueted during the
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same period. It is time for the wind tunnel community to cease the unfair

practice of improperly accrediting the invention.

12.1.2 Modern Strategies

The rapid convergenee of the flexible walls to streamlines has always

been regarded as essential to the efficient use of flexible walled test sections.

A rapid convergence depends on the adequacy of the wall adjustment strategy

governing the streamlining process. The WAS 2 strategy eliminated some of

the approximations present in the underlying theory of the WAS 1 strategy

and, therefore, it was presumed that the WAS 2 strategy may further reduce

the number of wall adjustments required to streamline the flexible walls. In

practice, however, the wall streamlining rates of both strategies were

approximately equal. This fact reflects the high efficiency of the WAS 1

strategy rather than any inadequacy of the WAS 2 strategy.

The WAS 2 strategy does offer several operational advantages over the

WAS 1 strategy. The most notable advantage is that the strategy can be

initiated from any wall contour of known shape, whereas the WAS 1 strategy

must start from wall contours where the shape and the imaginary side velocity

distributions are known. Thus, a streamlining cycle governed by the WAS 1

strategy is usually initiated from aerodynamically straight contours or

contours previously derived by the strategy. Also, the imaginary flowfield

computations of the WAS 1 strategy necessitate the assumption that the

changes in 8* due to the presence of the model are negligible, which is not a

requirement in the case of the WAS 2 strategy. The increased operational

flexibility offered by the WAS 2 strategy may prove to be an important

characteristic in a commercial wind tunnel facility.

The operational benefits of the WAS 2 strategy stem from the fact

that the strategy computes the imaginary flowfields of the present wall

contour, whereas the imaginary side velocity distributions given by the WAS 1

strategy apply to the predicted wall contour. Thus, successful wall

streamlining according to the WAS 1 strategy relies on the flexible walls being

set correctly to the predicted position. Any error caused by inaccurate wall

setting or pressure measurement is automatically carried forward to every

subsequent streamlining iteration. Such compounding of any experimental

error is not a feature of the WAS 2 strategy. However, the disadvantages and
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the operational inflexibility inherent in the WAS I strategy can be overcome

by replacing the imaginary flowfield computations embodied in the strategy

with another computational method, so that the external velocity distributions

given by the strategy apply to the present wall contour (i.e. WAS 1A and

WAS IB strategies).

The proper adjustment of the flexible walls to streamlines depends on

the accurate prediction of the external velocity distributions. However, a

verification exercise of the TSWT TSP code revealed that the imaginary

flowfield computations which form part of the WAS 1 strategy may be

unreliable in some circumstances. This view was reinforced during an

assessment of the streamlining quality of wall contours derived by the WAS 1

strategy. Thus, despite the good agreement between model data obtained

when the walls were streamlined by the WAS 1 and other strategies, the

streamlining performance of the WAS 1 strategy is in doubt at some test

conditions.

The liftgenerated by the model appears to be a factor limiting the

test regime where the strategy can be considered to be more than adequate.

Further investigationsare required,but at present the evidence suggests that

the imaginary flowfield computations of the WAS I strategy should be

replaced by a more reliablecomputational method. As such an action can also

have advantageous effects on the operational aspects of the strategy it is

highlyrecom mended.

In defence of the WAS 1 strategy it should be stated that it was the

firstpredictive (now sometimes, but inappropriately,called one-step) strategy

developed, and that in an environment when computing power was very

restrictedcompared to present standards. In allowing flexiblewalls (for the

firsttime) to converge rapidly to free-flowfieldstreamlines, and most times

to good streamlines,it must be judged a major development. With the passage

of time ithas merely been overtaken by more refined methods.
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12.2 Wall Streamlining of a Choked Test Section

12.2.1 Streamlining Performance

Probably the most important part of this work has been the successful

demonstration in the TSWT of two-dimensional wall streamlining at test

conditions where the model shocks have extended to the contoured walls and

intruded into the imaginary flowfields. At such conditions, in a flexible walled

test section, the flow channels over and under the aerofoil model are fully

choked. The achievement of wall streamlining infers, in principle, the

elimination of top and bottom wall interference effects at the model.

Contrary to fears expressed in some quarters that when the test

section is fully choked control would be lost over the reference speed, no such

difficulty was experienced. Once a modest level of wall streamlining quality

was obtained for a given test condition, raising the inducing air pressure

increased the reference speed by a small increment. Further streamlining

iterations at the new speed were required to restore the quality of wall

streamlining to itsoriginallevel. Thus, the achievement of wall streamlining

at high subsonic reference speeds requires many tunnel runs and features a

double convergence. That is the simultaneous convergence of the reference

Mach number to its intended value and the convergence of the walls to

streamlines.

The present investigation was limited by a temporary reduction in

pressure of the dried air supply and tunnel availability. Further tests are

required before being sure of the quality of wall streamlining necessary to

obtain negligible levels of wall interference at these high reference speeds.

Unfortunately the situation was complicated by the fact that the available

reference data was not ideal for comparison, since Reynolds numbers were not

matched and test section boundary interferences were known to be present in

the reference data at the relevant test conditions. However, some TSWT data

suggests that the quality of wall streamlining achieved with the new flexible

walls may well have produced 'near' wall interference-free model data. One

can argue that if the top and bottom walls are unloaded then they cannot be

interfering. The wall data and codes employed suggest this to be the case.
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These findings add further confidence to the use of flexible walled test

sections but leave some residual doubt about the quality of model data

obtained in the TSWT with a choked test section. The investigations, however,

have clearly demonstrated the principle of wall streamlining at test conditions

where the model shocks intrude into the imaginary flowfields, and have

enabled appropriate procedures for wall streamlining at such conditions to be

established. The procedures are relatively simple and clearly demonstrate

that flexible walled test sections can cope with these flows.

12.2.2 Prediction of Imaginary Flowfields

It has been demonstrated that the external wall velocities computed

by the recently developed TSWT TSP code are reliable over a wide range of

test conditions. The code may be used with confidence not only at conditions

where the imaginary flowfields contain mixed flow, but also at reference

speeds as low as Math 0.4. The upper limit of the reference speed has yet to

be defined, but it is expected to be just below Mach 1.0. The only significant

disadvantage associated with the code when compared with other subsonic

methods is run-time. However, current TSWT TSP code run-times of

3-6 minutes per flowfield for the present test section/computer combination

have proved to be more than adequate for development purposes.

12.2.3 Boundary Layer Growth Along the Flexible Walls

It has been demonstrated that in routine two-dimensional testst the

changes in 6" along the flexible walls have a negligible effect on the

streamlining process. In such circumstances, the effective aerodynamic

contour may be taken as the physical wall shape referenced to the appropriate

aerodynamically straight contour. However, at conditions which result in

shock-boundary layer interactionsat the flexiblewalls the imaginary flowfield

computations should account for the effects of the wall pressure gradients on

8*. Itisbelieved that the thinning of 8" due to the general pressure fieldprior

to the shock-boundary layer interaction is more significant than any

thickening of 6" at the interaction. The quantity of data presently in hand is

Routine two-dimensional tests are defined as model tests at any set of
conditions up to those which result in the flow at both flexible walls just
remaining subsonic.
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limited and before any firm conclusions can be drawn further investigations

are required. Initially these investigations should concentrate on determining

the adequacy of the TSWT and lag-entrainment boundary layer codes in coping

with shock-boundary layer interactions.

12.3 Other Findings

12.3.1 New Flexible Walls

The new flexible walls, which have been installed recently, have an

improved jack/wall link mechanism designed to eliminate some weaknesses

which had become apparent in the flexure design used by the original walls.

Subsequent tests have demonstrated that the objectives of the new design

have been fulfilled and that the new flexible walls exhibit no operational

difficulties of a mechanical nature.

12.3.2 Aerodynamically Straight Wall Contours

The reference speed at which satisfactory aerodynamically straight

contours were obtained using the original flexiblewalls was limited by the

sensitivityof Mach number to flow area and by the consequences of the

weaknesses in the jack/wall flexure design. However, it is believed that the

new flexible walls with their jack/wall link mechanism will probably enable

the determination of aerodynamically straightcontours which could be used

for model tests up to a reference Mach number of unity. It is expected that

testsaimed at defining such contours willcommence in the near future.

12.4 Concludinff Remarks

A substantial body of aerodynamic data has been gathered which

further illustratesthe favourable effects of wall streamlining and the inherent

advantages of using a shallow flexiblewalled test section in two-dimensional

testing. Prior to this work the principle of wall streamlining had been

successfullydemonstrated at low speeds and up to transonic speeds where the

flow at the streamlined wails remains subcritical.However, during the course

of this work ithas been demonstrated that the principleisstillapplicable and

can be successfullyapplied in flexiblewalled test sections at conditions where
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supercritical flow has penetrated the contoured walls and intruded into the

imaginary flowf|elds. The procedures for wall streamlining at such conditions

have been established and are relatively simple. Although there is some doubt

about the adequacy of the available boundary layer codes in coping with the

inevitable shock-boundary layer interactions, the procedures have enabled the

demonstration of wall streamlining at conditions up to those which result in a

peak Mach number of about 1.5 at the flexible walls.

The development of the adaptive flexible wall technique in

two-dimensional testing is nearing maturity. An area of future development

could be two-dimensional testing through the speed of sound. However, future

flexible wall research will largely concentrate on three-dimensional testing

since the advent of a three-dimensional wall interference-free transonic test

section iseagerly awaited. Present research at the University of Southampton

is aimed at the development of a technique which would utilise the

two-dimensional test section of the TSWT to obtain a three-dimensional test

environment in which the level of test section boundary interference can be

assessed and iscorrectable.
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13. PRINCIPAL CONCLUSIONS

lo Several transonic wall adjustment strategies have been evaluated in the

TSWT by test section wall streamlining around a two-dimensional aerofoil

model, with a ratio of test section height to model chord of about 1.5,

over a range of test conditions in which the flow at the contoured walls

remained subcritical. The applicable test regime of each strategy has

been approximately defined.

. The first documented wall adjustment strategy was proposed, developed

and used by the National Physical Laboratory (NPL) in the early 1940's.

TSWT data has indicated that wall streamlining according to the NPL

strategy (NPL WAS) results in a 'near' wall interference-free test

environment, giving model performance indisting-Jishab!e from that

obtained when using modern strategies over a wide range of test

conditions.

. The performance of the recently developed Exact wall adjustment

strategy (WAS 2) compares well with the Predictive strategy (WAS I)

which has been used successfully in the TSWT for many years. The Exact

strategy, however, does offer several important operational advantages

over the Predictive strategy.

, The imaginary flowfield computations which form an inherent part of the

Predictive wall adjustment strategy (WAS I) are suspect, therefore the

streamlining quality of wall contours derived by the strategy is uncertain.

A more detailed investigation of the problem is recommended.

. The present version of the TSWT TSP code has proved to be a practical

tool for the computation of the imaginary flowfields. The external

velocity distributions predicted by the code are reliable not only at
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conditions where supercriticalflow and the attendant shocks extend into

the imaginary flowfields,but alsoat reference speeds as low as Mach 0.4.

o The principleof wall streamlining has been successfullydemonstrated in a

flexiblewalled test section at conditions where the model shocks have

penetrated the streamlined walls and intruded into the imaginary

flowfields. Further investigationsare required before being sure of the

qualityof wall streamlining necessary to obtain satisfactorylow levelsof

wall interference at such conditions. However, appropriate streamlining

procedures have been developed and are relatively uncomplicated,

enabling flexible walled test sections to easily cope with these high

transonicflows.
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14. LIST OF SYMBOLS

A1

AI.7

Corc

Cc

CD

CL or CL

CM

CN

CP or Cp

CP*

E

!

H orh

h/c

K

Lift curve slope per radian

TSP transformation parameters

Prandtl-Glauert factor (= (I- Moo2)_)

Model chord

Chordwise force coefficient

Boundary layer pressure drag coefficient (Form drag coefficient)

Lift coefficient

Pitching moment coefficient about the leading edge

Normal force coefficient

Pressure coefficient

Sonic pressure coefficient

Average of the modulus of the pressure coefficient error between

real and imaginary flowfields along a flexible wall

Average value of E from top and bottom walls

Value of E when the perturbations of the imaginary flowfields are

artificially set to zero

Slope of aerofoil surface relative to chord line divided by 8

Test section height

Ratio of test height to model chord

Similarity parameter
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L

M

Moo

N

P

Uoo

lil(x )

W

W

X

XJC or Xc

Ymax

Z !

Z

1/AX

Math number

Reference Maeh number

1/AZ

Normalised circulation

Velocity component in the x direction

Reference velocity

Imaginary side velocity at position x

Velocity component in the z direction

Test section width

Co-ordinate in the reference (free stream) direction

Transformed co-ordinate in the reference direction

Chordwise position relative to the leading edge

Local wall displacement (referenced to Aerodynamically Straight)

Greatest positive displacement of a flexible wall

Greatest negative displacement of a flexible wall

Model surface displacement from the leading edge

Co-ordinate normal to the reference direction

Stretched co-ordinate in the z direction

Transformed co-ordinate normal to the reference direction

Angle of incidence

Ratio of specific heats
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8

8M

8y

8*

o

Oav

AX

AZ

Subscripts

T

B

Ratio of aerofoil thickness to chord

Change in local wall Mach number

Change in local wall displacement

Boundary layer displacement thickness

Standard deviation of wall centreline Mach number errors

Average weighted standard deviation of a pair of walls

TSP mesh size in the X direction

TSP mesh size in the Z direction

Scaled perturbation potential

Velocity potential

Top wall

Bottom wall
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Fig.10.7.1

NACA 0012-64 Measurements (Run 235 - Moo = 0.8; a--4.00).

Calculations of AS* Along Flexible Walls. Walls Streamlined by

the WAS 2A Strategy.

The Effects of an Allowance for 8* Variations on Model Pressure

Distribution. Walls Streamlined by the WAS 2A Strategy.

Calculations of AS* Along Bottom Wall of Run 184 (Moo = 0.8862;

a- 4.00).

Imaginary Wall Mach Number Distributions Calculated by the

TSWT TSP Code at Run 184 Conditions (Moo = 0.8862; a -- 4.0o).

Model Pressure Distributions (M® = 0.7; a- 4.00).

Aerodynamically Straight, Constant Pressure and

(NPL WAS) Contours.

Walls Set to

Streamlined

Schlieren Pictures Illustrating the Effects of Wall Streamlining.

Model Pressure Distributions (Moo = 0.7; a-_ 4.00). Walls Set to

Streamlined Contours.

NACA 0012-64 Measurements (M® = 0.7; a = 4.00). Distributions

of Mach Number Along Centrelines of Aerodynamically Straight

and Streamlined Contours.

NACA 0012-64 Measurements (Moo -- 0.7; a - 4.00). Displacements

of Walls from Aerodynamically Straight Contours. Walls

Streamlined.

NACA 0012-64 Measurements (Moo = 0.7; a--- 4.00). Total Wall

Movements Apart from Aerodynamically Straight Contours. Walls

Streamlined.

NACA 0012-64 Section. Variation of Normal Force Coefficient

with Mach Number. Walls Streamlined (WAS 1, WAS 2, NPL

WAS).
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Fig.10.7.2

Fig.10.8

Fig.10.9

Fig.lO.lO

Fig.10.11

Fig.10.12

Fig.10.13.1

Fig.10.13.2

Fig.10.13.3

Fig.10.14

Fig.10.15

NACA 0012-64 Section. Variation of Normal Force Coefficient

with Maeh Number. Walls Streamlined (WAS 1, WAS 2A, WAS 1A,

WAS 1B).

Model Pressure Distributions (Moo = 0.80; a-- 6.00). Walls Set to

Streamlined Contours.

Model Pressure Distributions (Moo = 0.80; a-- 0.50). Walls Set to

Streamlined Contours.

NACA 0012-64 Measurements (Moo = 0.8; a - 0.50). Distributions

of Maeh Number Along Centrelines of Streamlined Contours.

Schlieren Pictures Illustratingthe Break-Down of NPL WAS.

NACA 0012-64 Measurements (Moo= 0.7;a = 6.00). Wall Contours

Set During a Streamlining Cycle Governed by the WAS 2 Strategy.

NACA 0012-64 Measurements (a---0.50). Distribution of Mach

Numbers Along Centrelines of Walls Set to Constant Pressure

Contours.

NACA 0012-64 Measurements (a = 2.0°). Distribution of Math

Numbers Along Centrelines of Walls Set to Constant Pressure

Contours.

NACA 0012-64 Measurements (a- 4.00). Distribution of Mach

Numbers Along Centrelines of Walls Set to Constant Pressure

Contours.

NACA 0012-64 Measurements (Moo= 0.7;o - 4.00).Displacements

of Walls Set to Aerodynamically Straight,Constant Pressure and

Streamlined (NPL WAS) Contours.

Model Pressure Distributions(Moo --0.8; a = 6.00). Walls Set to

Wake Pinch Test Contours.
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Fig.11.1

Fig.11.2

Fig.11.5

Fig.11.6

Fig.11.7

Fig.11.8

Fig.11.9

Fig.ll.10

Fig.11.11

Fig.ll.12

NACA 0012-64 Measurements (M® = 0.9062; a = 4.00).

Distributions of Real and Imaginary Mach Number

Centrelines of Contoured Walls (Original Walls).

Along

NACA 0012-64 Measurements (Moo -- 0.9543; a --" 4.0°).

Distributions of Real and Imaginary Mach Number

Centrelines of Contoured Walls (Original Walls).

Along

Montage of Real and Imaginary Flowfields (Moo = 0.89; a = 4.0°).

Montage of Real and Imaginary Flowfields (Moo - 0.87; a --- 4.0o).

B.L. Allowance.

Schlieren Picture with Wall Mach Number Distributions

(M_ - 0.89; a = 4.0°).

Schlieren Picture with Wall Mach Number Distributions

(M® = 0.87; a --- 4.0o). B.L. Allowance.

NACA 0012-64 Measurements (Moo = 0.8726; a = 4.0°).

Distributions of Real and Imaginary Mach Number

Centrelines of Streamlined Walls.

Along

NACA 0012-64 Measurements (M® = 0.8726; a --- 4.0°).

Displacements of Walls from Aerodynamically Straight Contours.

Walls Streamlined.

Model Pressure Distributions (Moo - 0.89; a -- 4.00). Walls Set to

Streamlined Contours to Demonstrate Repeatability of Model

Data.

Model Pressure Distributions (o = 4.0°). The Sensitivity of Model

Performance to the Quality of Wall Streamlining.

Model Pressure Distributions. Comparison of TSWT Data with

Reference Data.

NACA 0012-64 Measurements (Moo = 0.8750; Q -- 4.0°).

Distributions of Wall Math Number Along Streamlined Wails.
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Fig.11.13

Fig.11.14

Fig.11.15

Fig.11.16

Condition of NACA 0012-64 Model After Testing.

Model Pressure Distributions (Moo = 0.8; a = 6.00).

Walls Streamlined by the WAS 1A Strategy.

Model Pressure Distributions (a = 4.00). The Effects of

Allowance for 8* Variations on Model Pressure Distribution.

Imaginary Wall Mach Number Distributions Calculated by

TSWT TSP Code (Moo - 0.8726; a ----4.00).
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TABLE 2.1 :- CO-ORDINATES OF THE NACA 0012-64 SECTION

Section Co-ordinates

Xc Yc

0.0 0.0

0.005 0,0118

0.01 0.0163

0.015 0.0196

0.02 0.0223

0.025 0.0245

0.035 0.0283

0.05 0.0327

0.07 0.0372

0.085 0.04

O. 1 0.0424

0.14 0.0475

0.17 0.0505

0.2 0.0529

0.25 0.0561

0.3 0.0583

0.35 0.0596

0.4 0.06

0.45 0.0596

0.5 0.0583

0.55 0.0561

0.6 0.0531

0.65 0.0494

0.7 0.0448

0.75 0.0394

0.8 0.0332

0.85 0.0263

0.9 0.0187

0.95 0.0103

1.0 0.0012
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TABLE 2.2:- PRESSURE PORT CO-ORDINATES OF THE NACA 0012-64 SECTION

Pressure Port Co-ordinates

Upper Surface Lower Surface

Xc Yc Xc Yc

0.011 0.0177 0.011 0.0182

0.024 0.0235 0025 0.024

0,048 0,0321 0.05 0,0326

0077 0.0381 0.074 0.0375

0.098 0.0418 0.098 0.0418

0.152 0.0491 O.151 0.049

0.2 0.0534 0.2 0.0535

0.251 0.0563 0.25 0.0562

0.299 0.0579 0.299 0.0579

0.35 0.0595 0.35 0.0595

0.398 0.06 0.402 0.06

0.448 0.0596 0.449 0.0595

0.499 0.0583 0.5 0.0582

0.549 0.0562 0.552 0.0561

0.599 0.0532 0.601 0.0531

0.649 0.0494 0.649 0.0495

0.698 0.0449 0.702 0.0445

0.749 0.0395 0.751 0.0393

0.799 0.0334 0.801 0.0311

0.848 0.0266 0.85 0.0263

0.902 0.0184 0.9 0.0187

0.949 0.0105 0.95 0.0102
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TABLE 3 :- QUALITY OF 'AERODYNAMICALLY STRAIGHT' WALL CONTOURS

3.1 :- ORIGINAL FLEXIBLE WALLS

Contour
Approx.

Mach Number

(M=)

Designated
Mach Number

Band

Standard Deviation of

Local Math Number

(Wall Centreline)

Bottom Wall

(oB)
Top Wall

(OT)

Average Weighted
Standard
Deviation

(o_,,)

m,

1 0.58 up to 0.6 0.0030 0.0028 0.0050

2 0.8 0.6 - 0.85 0.0031 0.0048 0.0049

3 0.89 0.85 - 0.895 0.0048 0.0058 0.0059

4 0.93 0.895 - 0.935 0.0044 0.0066 0.0056

5 095 above 0.935 0.0176 0.0200 0.0198

3.2> NEW FLEXIBLE WALLS

Contou r
Approx.

Mach Number

(M®)

Designated
Math Number

Band

A 0.3 upto0.35

B 0.4 0.35 - 0.45

C 0.5 0.45 - 0.55

D 0.6 0.55 - 0.65

E 0.7 0.65 - 0.75

F 0.8 above 0.75

Standard Deviation of

Local Mach Number

(Wall Centreline)

Top Wall

(OT)

Bottom Wall

(OB)

Average Weighted
Standard

Deviation

(Oav)

0.0007 0.0017 0.0040

0.0014 0.0015 0.0036

0.0012 0.0020 0.0032

0.0014 0.0024 0.0032

0.0023 0.0029 0.0037

0.0029 0.0031 0.0037
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TABLE 4:- OFF-CENTRE 'AERODYNAMICALLY STRAIGHT' PERFORMANCE

4.1 :- ORIGINAL FLEXIBLE WALLS

Contour Approx. Math
Number (M=)

Standard Deviation of Local Math Number

Top Wall (OT)

Off-Centre

(Orifice 1)

1 0.58 0.0058 0.0030

2 0.8 0.0086 0.0031

3 0.89 0.0112 0.0048

4 0.93 0.0137 0.0044

5 0.95 0.0289 0.0176

Centreline

(Orifice 2)

4.2:- NEW FLEXIBLE WALLS

Standard Deviation of Local Math Number
Approx.

Math Top Wall (OT) Bottom Wall (oB)
Contour

Number Off-Centre Centreline Off-Centre Centreline
(M=)

Orifice 1 Orifice 2 Orifice 3 Orifice 1 Orifice 2 Orifice 3

A 0.3 0.0057 0.0028 0.0007 0.0036 0.0041 0.0017

B 0.4 0.0069 0.0033 0.0014 0.0039 0.0044 0.0015

C 0.5 0.0091 0.0046 0.0012 0.0050 0.0056 0.0020

D 0.6 0.0141 0.0060 0.0014 0.0093 0.0101 0.0024

E 0.7 0.0t 59 0.0078 0.0023 0.0097 0.0097 0.0029

F 08 0.0173 0.0099 0.0029 0.0092 0.0083 0.0031
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TABLE 7:- SUMMARY OF LIFTCURVE SLOPES

STREAMLINED WALLS

Wall

Adjustment
Strategy

Lift Curve Slope per Radian (AI)

Math 0.4 Math 0.5 Mach 0.6

WAS 1 5,02 5.22 561

WAS 2 5.00 5,25 5.56

NPL 1 WAS 5,04 5.33 5.33

NPL 2 WAS 5.01 5.19 5.29

WAS 1A 4.95 5.17 5.53

WAS 18 5.02 5.23 5.57

WAS 2A 5.07 5.28 5.50

STRAIGHT AND CONSTANT PRESSURE WALLS

Wall

Contour

Lift Curve Slope per Radian (AI)

Mach 0.4 Mach 0.5 Math 0.6

Straight 5.96(+ 19%) 6.41 (+23%) 8.22(+47%)

Constant Pressure 4.39 (-12%) 4.47 (-14%) 4.42 (-21%)

Note: Values in brackets are the % changes of lift curve slope when

compared with the WAS 1 slope.
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Criterion indicating correct
streamlining:
Local equality of computed pressure
with measured pressure

Arbitary streamlines followed

by flexible walls

Computed
imaginary flow
[1

_ Real

_ flow

a

Computed
imaginary flow
[2

FIG. 3.1 A TWO-DIMENSIONAL FLOWFIELD ILLUSTRATING THE
PRINCIPLE OF TEST SECTION STREAMLINING
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J Set up Test IConditions

Tunnel Pressures Flexible Walls

I AnalyseWall Data

_'_Yes

Measure I

Model Pressures I

I iModel Data
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FIG. 3.4 SELF - STREAMLINING OPERATING PROCEDURE
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L ; I mage -- _

(a) Closed tunnel mode

(b) Open jet mode.

Uniform wall pressures equal to

free stream ambient pressure.

Contoured

flexible walls

FIG. 4.1 ILLUSTRATIONS OF SiX OPERATIONAL MODES OF A

SELF-STREAMLINING WIND TUNNEL
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Image
flowfield
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FIG. 4.1 ILLUSTRATIONS OF SIX OPERATIONAL MODES OF A
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FIG 4.1 ILLUSTRATIONS OF SIX OPERATIONAL MODES OF A
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NACA 0012-64 SECTTON

RUN NO ALPHA HACH NO
u 4.0 ° 0. 800

TRANSITION FIXED

-CP

1"5--

1.0
± _ Ill

Ib

m

GI

dl

Iil = ql

Ill lil
Ill

I I I I | I I = i = i

25 50 75

CP*

il

; ; '

100

X/C (X)

+ Run 235

(No B.L. Allowance)

Run 241

(With B.L. Allowance)

FIG. 9.3 THE EFFECTS OF AN ALLOWANCE FOR 6* VARIATIONS ON

MODEL PRESSURE DISTRIBUTION. WALLS STREAMLINED BY

THE WAS 2A STRATEGY.
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NACA 131312-64 SECTION
RUN NO ALPHA HACH NO

-- 4.8 ° 8. 700

TRANS'1"TTON FTXED

+

25 50 75 100

/ CONS_ PRESS.

+ NPL 1 WAS

a NPL 2 WAS

/ STRAIGHT WALLS
X

FIG. 10.1 MODEL PRESSURE DISTRIBUTIONS.

WALLS SET TO AERODYNAMICALLY STRAIGHT, CONSTANT

PRESSURE AND STREAMLINED (NPL WAS) CONTOURS.
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NACA 0012-64 SECTION 

M,=0.7 u = 4.0' 

Straight Walls 

Streamlined Walls (WAS 1) 

FIG.10.2 SCHLIEREN PICTURES ILLUSTRATING THE EFFECTS OF 
WALL STREAMLINING 
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NACA 1_812-64 SECTTON
RUN NO ALPHA HACH NO

-- 4.8 ° e. 7130

TRANSZT'I'ON FIXED

25 50 75 1oo

X/C (_)

/ WAS 1

• WAS 2

+ NPL 1 WAS

e NPL 2 WAS

FIG. 10.3 MODEL PRESSURE DISTRIBUTIONS.

WALLS SET TO STREAMLINED CONTOURS.
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14.
14.
ILl
O
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n-
O
u.

-I

O
Z

0"7--

0.6-

m

0-5-

m

0.4-

0.3-

m

0-2-

m

0.1-

m

..L
IR

O0 _ I
0"4

Note:- 7 WAS 1

oA-A :6.0 WAS 2

8-8:4.0 ° + NPL 1 WAS

o NPL 2 WAS

A

\ °

" E! a _--0"0 °

I I I I I I I + _ I
0"5 0"6 0"7 0"8

MACH NUMBER

FIG. 10.7.1 NACA 0012-64 SECTION. VARIATION OF NORMAL FORCE

COEFFICIENT WITH MACH NUMBER. WALLS STREAMLINED.
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NACA 13012-64 SECT'I-ON
RUN NO ALPHA HACH NO

m e. e° e. see

TRANSITION FEXED

III
II

25 50 75

I WAS 1

• WAS 2

+ WAS 1A

WAS 1B

FIG. 10.8 MODEL PRESSURE DISTRIBUTIONS.

WALLS SET TO STREAMLINED CONTOURS.
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NACA 8812-64 SECTZON
RUN NO ALPHA HACH NO

-- 8. S o 0.80_

TRANSITION FIXED

1"5"I
!

-CP

_.o:

.. +** +* +

_ .;+_

- D\ ,.i._ ;'_' -
o.,- _.'p_.;_ o ++

_ //_ _..t,.t_' + : _ c,>,+

0 0 I00

-0.5

I WAS 1

4 i WAS 2

I + NPL 1 WAS

.I.0-1] e NPL 2 WAS

FIG. 10.9 MODEL PRESSURE DISTRIBUTIONS.

WALLS SET TO STREAMLINED CONTOURS.
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FIG. 10.10 NACA 0012-64 MEASUREMENTS (Moo = 0.8; a = 0.5°).

DISTRIBUTIONS OF MACH NUMBER ALONG CENTRELINES OF

STREAMLINED CONTOURS.
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WAS 1 

NPL 2 WAS 

FIG.10.11 SCHLIEREN PICTURES ILLUSTRATING THE BREAK- 
DOWN OF NPL WAS 
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NACA 8812-64 SECTZON

RUN NO ALPHA MACH NO
-- 6.8 ° 8. 800

TRANSITION FIXED

0-0

I
I I 1_I I I I I i I I I I I I I I

CP*

!
25 50 75 100

X/C CY,)

/ CON 1

CON 2

FIG. 10.15 MODEL PRESSURE DISTRIBUTIONS.

WALLS SET TO WAKE PINCH TEST CONTOURS.
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FIG. 11.2 NACA 0012-64 MEASUREMENTS (Moo = 0.9543; a---4.0°).

DISTRIBUTIONS OF REAL AND IMAGINARY MACH NUMBER

ALONG CENTRELINES OF CONTOURED WALLS (ORIGINAL

WALLS).
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(,i PUOR QU_&T..I_

Measured Sonic Points

Supercritical Flow
(T.SP. Computations)

Imaginary Flow

13 12 11 10 9 8 7 Jack

Top Wall I I , I ,} I I I

Real Flow

Bottom Wall

13 12 11
iill

l 1 T I
10 9 8 7 Jack

Imaginary Flow

FIG. 11.3 MONTAGE OF REAL AND IMAGINARY FLOWFIELDS
Mm=O-89 ; ,_=4.0 °

238



Measured Sonic Points

ORIGINAL PAGE IS

OF POOR QUALITY

Supercritical Flow

(T._ Computations)

Imaginary Flow

Top Wall
13 12 11 10 9 8 7 Jack

I

Real Flow

Bottom Wall

13 12 ? 8
1
7 Jack

Imaginary Flow

FIG. 11.4 MONTAGE OF REAL AND IMAGINARY FLOWFIELDS
M=--O.87 ; _ =4.0 ° (B.L, ALLOWANCE)
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NACA 0012-64 SECTION

Moo=o'8g ; _ =4.0 °

-t- Real Flow

1.2 Top Wall
/Imaginary Flow

Mach +_
1.0

Number

"'_ l-

0"8-

13 12 11 10 9 8 7 Jack

I

1,2-

Mach -

1.0

Number

0-8

FIG. 11.5

_1 T I-- i
13 12 11 10 9 8 7 Jack

-I-

Bottom Wall

SCHLIEREN PICTURE WITH WALL MACH NUMBER
DISTRIBUTIONS
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0RIGINAU PA-GE IS

OF POOR QUALITY,

NACA 0012-64 SECTION

M= = 0"87 ; ==4-0 °

+ deal Flow

1.2 Top Wall /Imaginary Flow

Mach t

Number

-,i-

0.8-_
13 12 11 10 9 8 7 Jack
I I I I i I I

[- I T I I T
13 12 11 10 9 8

I
7 Jack
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Mach - j___
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FIG. 11.6 SCHLIEREN PICTURE WITH WALL MACH NUMBER
DISTRIBUTIONS (B.L. ALLOWANCE)
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NACA

÷

25 50 75 100

X/C (::Y.)

Run Moo Eav
I 300 0-8874 0.0080

÷ 305 0-8860 0.0076

g 306 0.8873 0.0082

FIG. 11.9 MODEL PRESSURE DISTRIBUTIONS (a --- 4.0°).

WALLS SET TO STREAMLINED CONTOURS TO DEMONSTRATE

REPEATABILITY OF MODEL DATA.

244 (

i'

I



NACA 138 12-64 SECTTON

TRANSITION FIXED

1"5 --

-CP -

1.0- -x--J.

t.
0.,4V _ _':-'_=*';!--_--_

v'v5 ' ' 2_ ' ' ' ,_ 'M=' '- _.SEav' X/CicL' l_O(y,)

-o- A 0.8738 0.0313 0.2326

x 0-8784 0.0242 0-1964

w 0-8850 0"0178 0-1523

+ 0-8864 0.0116 0-1503

-1-0 J 0"8874 0-0080 0-1479

FIG. 11.10 MODEL PRESSURE DISTRIBUTIONS (a = 4.0°).

THE SENSITIVITY OF MODEL PER,_ORMANCE TO THE QUALITY

OF WALL STREAMLINING.
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NACA 0012-64

TRANSITION

SECTION

FIXED

-CP

1"5 --

1-0-

25 50 75 100

XlC (%)

Moo C n ALPHA

I 0.8750 0-1142 4.0 ° TSWT Data

+ 0-8640 0-0873 4-0 ° Reference Data

m 0"8750 0-1142 4.35 ° Reference Data

(Interpolated)

FIG. 11.11 MODEL PRESSURE DISTRIBUTIONS.

COMPARISON OF TSWT DATA WITH REFERENCE DATA.
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Upper Surf ace 

f 

Lower Surface 

FlG.11.13 CONDITION OF NACA 0012-64 MODEL AFTER TESTING 
r .  , . ,--- '-? - ._. - . - _  , >  

- 7  C ? .  
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NACA 0012-64 SECTTON
RUN NO ALPHA MACH NO

-- 6.8 ° Q. 80_

TRANSITION FIXED

-CP
N

1.0-

u

0.5-

0.0

-0-5 -

u

-1-0 -

-.I-

4-

i I/I I I I I I I I I l I I

25 50 75 X/C

CP*

I I

CX)

j Before Tests
(Good Transition Band)

+ After Tests

(Poor Transition Band)

FIG. 11,14 MODEL PRESSURE DISTRIBUTIONS.

WALLS STREAMLINED BY THE WAS 1A STRATEGY.
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NACA 80 12-6 4

TRANSITION

SECTTON

FIXED

-CP

1"5--

I-0-

÷

÷

0-0

25 50 75

X/C

100

(Y,)

-1.0

1 Moo=O-8750

(No B.L. Allowance)

-F Moo= 0.8726

(With B.L. Allowance)

FIG. 11.15 MODEL PRESSURE DISTRIBUTIONS (a -- 4.00).

THE EFFECTS OF AN ALLOWANCE FOR 6*

MODEL PRESSURE DISTRIBUTION.
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APPENDIX A

OUTLINE OF THE PREDICTIVE WALL ADJUSTMENT STRATEGY

A.1. Basic Theory

The basic aerodynamic theory of the strategy applies to the case of a

single flexible wall adjacent to a model. In the theory the wall slopes and

changes in the wall boundary layer displacement thickness due to the presence

of the model are assumed to be small.

The wall isloaded if itdoes not follow the desired line of a streamline

in an infinite flowfield. The physical presence of the wall and the distribution

of wall loading may be represented by a flat vorticity sheet, having a local

vorticity strength (Fix))at streamwise position x given by:-

where

and

streamwise position _ by the distribution of vorticity.

given by:-

r(x)= U (x)- V (xI

U(x) = real side velocity at position x

V(x) = imaginary side velocity at position x.

A velocity component (v({)) normal to the free stream is induced at

This is approximately

1 I ® F'x) dxo(9= -2n _® ( )

Since a streamlined wall exhibits zero wall loading (and hence zero

vorticity) the slope of the wall is adjusted by the amount which is required for

a change in the normal component of the free stream velocity to oppose that

due to the vorticity. This requires an increment in slope (AS) which is

approximately given by:-
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dv
As = -- -

dx

- v(_

Uc_ ¸

where U_ = free stream velocity.

1 f ['(x)dX
2nU (x - D

The above expression is integrated to obtain the required change in

wall deflection (Ay(D)to remove the vorticity and thereby eliminate the wall

loading.

r
b

Following the movement of the wall to the new contour there are

adjustments to the velocity either side of the wall amounting to half of the

velocity imbalance before the movement. Hence the imaginary side velocity

(V(x_NEW)at position x for the new ,;;all contour is given by:-

A.2 Wall Coupling and Scaling Factors

The above described theory applies only to one flexible wall in

isolation. The simultaneous application of the theory to each wall does not

lead to convergence of the walls to streamlines. Allowance must be made for

what may be regarded as a one-dimensional continuity effect, a strong

aerodynamic coupling of the flexible walls. Convergence can be obtained by

feeding a proportion of the demanded movement of one wall to the other.

However the predictions of wall movement are somewhat exaggerated,

therefore a scaling factor is also applied. Scaling and coupling factors are

empirically determined; the values used for both walls of the TSWT are 0.7

and 0.35 respectively. For each of these modifications to the predicted wall

contour there are appropriate adjustments to the calculation of the imaginary

side velocity distributions.
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A.3 Compressibility

Linearised compressible flow corrections are introduced in the form of

the Prandtl-Glauert factor ([3).The various tunnel pressure measurements, in

terms of pressure coefficient (Cpc), are converted to their equivalent

incompressible coefficients (Cp) by:-

where [3 = V' 1 - M 2

and M = reference Mach number

This modification to the strategy has allowed testing up to speeds just

giving sonic flow at one of the streamlined walls.
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APPENDIX B

EQUATIONS OF THE EXACT WALL ADJUSTMENT STRATEGY

Consider top wall only.

Symbols

13

FT_x_

fT_x_

fB(x)

AfT(x)

gT(x)

h

e

Moo

U®

UTE

U71

UBI

x,

Prandtl-Glauert factor (= (1 - M®2)½)

New top wall positionfrom straight(positiveupwards)

Initialtop wall positionfrom straight(positiveupwards)

Initialbottom wall positionfrom straight(positiveupwards)

2nd order incremental change in top wall position(positiveupwards)

1st order incremental change intop wallposition(positiveupwards)

Nominal test section height

Length of test section

Reference Mach number

Reference velocity

External (imaginary) velocity increments of top wall

Internal(testsection)velocity increments of top wall

Internal(testsection)velocity increments of bottom wall

Co-ordinates along testsection (measured from start of test section)
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Equations

The new top wall position isgiven by:-

To the 2nd order

approximated to:-

FT, x) = fT(x) + AfT(x)

the incremental change in top wall position may be

where

and

1lUTE(x)÷]
A UT(x) -- 2U UTI(x)

x dg T(UHT(x) = A UT(_) d_
0

d_
(B.I)

The external velocity increments of the top wall may be computed from the

initialwall shape using the following relationship:-

U_ _e dfT(U d_
(B.2)

4
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The Ist order incremental change intop wall positionisgiven by:-

Term

l

g_(,,: __#(,)

• e
o (Bh) 2 + ?

13h f t d_
o (Bh)2 + (_ _ x)2

A

B

C

D (B.3)

Note:- 1) Term (B) has a singularity at _ = x and integration in this region

r • •

must be earried out analyticallywith U,_Itxlexpressed '"_","• ,-,,.,_..j aS a

polynomial. Care must also be taken to ensure that the value of

UTI(0 isnumerically zero as _ tends to zero i.e.at upstream end

of the testsection.

2) Terms (C) and (D) are the eross-feed inputs from the lower wall

velocity and wall shape.

The above equations are only applicable to the top wall, the bottom wall

equations are of equivalent form.
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